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Abstract Understanding the natural variability of photosynthetic pigment ranges and distributions in healthy corals
is central to evaluating how useful these measurements are
for assessing the health and bleaching status of endosymbiotic reef-building corals. This study examined the photosynthetic pigment variability in visibly healthy Porites
lobata and Porites lutea corals from Kaneohe Bay, Hawaii
and explored whether pigment variability was related to the
genetic identity or phenotypic characteristics of the symbionts. Concentrations of the photosynthetic pigments chlorophyll a, peridinin, chlorophyll c2, diadinoxanthin, diatoxanthin,
,-carotene and dinoxanthin were quantiWed using highperformance liquid chromatography (HPLC). Pigment concentrations were found to range 1.5–10 fold in colonies of
each species at similar depths (0–2, 2–4, 10–15 and 19–
21 m). Despite the high pigment variability, pigment ratios
for each species were relatively conserved over the 0–21 m
depth gradient. The genetic identity of the symbiont communities was examined for each colony using 18S nuclear
ribosomal DNA (nrDNA) restriction fragment length polymorphisms. All colonies contained symbionts belonging to
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clade C. The density and phenotypic characteristics of the
symbionts were explored using Xow cytometry, and Xuorescence and side scatter (cell size) properties revealed phenotypically distinct symbiont subpopulations in every
colony. The symbiont subpopulations displayed pigment
trends that may be driven by acclimatization to irradiance
microenvironments within the host. These results highlight
the biological complexity of healthy coral–symbiont associations and the need for future research on pigments and
symbiont subpopulation dynamics.
Keywords Coral · Photosynthetic pigments ·
Symbiodinium · High-performance liquid chromatography ·
Flow cytometry

Introduction
Disturbances in the relationship between corals and their
endosymbiotic dinoXagellates (i.e., zooxanthellae) show as
color changes that are frequently linked to coral health.
Color loss in corals is referred to as bleaching, and results
from a decreased density of dinoXagellates and/or a reduction of the cellular pigmentation per dinoXagellate (HoeghGuldberg and Smith 1989; Kleppel et al. 1989). Numerous
reports document shifts in symbiont densities and photosynthetic pigment concentrations in corals that are bleaching, bleached and/or recovering their coloration (reviewed
in Fitt et al. 2001). In contrast, there are only a few that
examine pigment ranges and ratios and phenotypic characteristics of the symbionts in healthy or ‘normally’ pigmented corals. A more comprehensive understanding of
these parameters in healthy corals will provide a much
needed baseline for these functionally relevant and
environmentally sensitive biological traits. Additionally,
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this information will aid in evaluating the utility of these
measurements for assessing the health and bleaching status
of corals.
The coral symbiont pigments chlorophyll a, peridinin,
and chlorophyll c2 serve to capture light and diadinoxanthin
(DD), diatoxanthin (DT), ,-carotene, and dinoxanthin
provide photoprotective-type functions (JeVrey and Haxo
1968; Kleppel et al. 1989; Ambarsari et al. 1997; Lesser
et al. 2000; Dove et al. 2006). Previous studies have demonstrated that the concentrations of these pigments, as well
as symbiont densities, vary in relation to environmental
factors. For example, during winter conditions of lowered
temperature and solar irradiance, increased pigment concentrations and symbiont densities are frequently observed
(Stimson 1997; Brown et al. 1999a; Fagoonee et al. 1999;
Fitt et al. 2000; KuVner 2005). Variations in salinity and
nutrient concentrations both aVect pigments and symbiont
densities in corals and in some cases have contributed to
bleaching (Coles and Jokiel 1978; Hoegh-Guldberg and
Smith 1989; Dubinsky et al. 1990). Photoadaptation of the
symbionts to a particular depth or irradiance regime has
also been well documented in corals, with trends of increasing pigment per symbiont cell with decreasing light at
depth or in a shaded environment (Porter et al. 1984; Falkowski et al. 1990). Furthermore, shifts in the relative distributions or ratios of the pigments have been reported and
are related to the photoacclimatization of coral symbionts
to a particular light regime (Titlyanov et al. 1980; Helmuth
et al. 1997).
On a reef, adjacent coral colonies frequently exhibit
diVerential responses to stress-events, with some losing coloration while others remain pigmented. A number of biological features of the coral including the genetic type(s)
and phenotypic adaptations of symbiotic dinoXagellates
potentially contribute to these diVerential responses (reviewed
in Brown 1997). Reef-building corals harbor endosymbionts belonging to the taxonomically diverse genus
Symbiodinium. Some corals harbor a single type while others contain multiple types (Rowan and Powers 1991a).
While the functional implications of this diversity are not
well resolved, there are diVerences in photo and thermal
acclimatization capacity among the eight major clades in
the group (LaJeunesse 2002; Baker et al. 2004; Fabricius
et al. 2004; Iglesias-Prieto et al. 2004; Rowan 2004), and it
is likely that these diVerences are reXected in the concentrations and/or distributions of pigment.
Observations of symbiont phenotype made on cultured
genetically distinct Symbiodinium sp. reveal diVerences in
gross morphology, chloroplast architecture and size
(Trench and Blank 1987). However, the morphological
characteristics of symbionts in culture can diVer from those
in hospite (e.g., Blank 1987), and much less is known about
phenotypic homogeneity of these endosymbiotic communities.
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Variations in cell morphology and size have the potential to
inXuence the pigment concentration of the colony and cells
acclimated to host microhabitats could also aVect the
relative distributions of the pigments (Helmuth et al.
1997).
It is important to understand the connections between
pigments and symbiont characteristics in healthy corals to
create a comparative framework for evaluating symbiont
changes associated with exposure to stress. This study
examined the natural variability of symbiont characteristics
in healthy corals by speciWcally addressing two questions:
(1) what is the extent of pigment variability exhibited by
healthy corals, and (2) can pigment variability be attributed
to the genetic identity or phenotypic characteristics of the
symbionts? These questions were examined on the congeners Porites lobata and Porites lutea in Kaneohe Bay using a
study design which minimized introduced or artifactual
variability and used high-resolution tools including high
performance liquid chromatography (HPLC) and Xow
cytometry. Pigment variability was hypothesized to be low
among colonies residing at the same depth group. Further,
based on previous symbiont genotyping of several Hawaiian Porites sp. colonies, the colonies were expected to
harbor Symbiodinium belonging to clade C Symbiodinium
sp. with comparable phenotypic characteristics (LaJeunesse
et al. 2004).

Materials and methods
Study design and sample collection
The congeners, P. lobata and P. lutea, were chosen for the
study based on their relatively Xat and lobate shape. This
shape ensured that all samples could be taken from the top
surface of the colony, and therefore all colonies would be
subjected to similar angles of incoming solar radiation.
Additionally, a cork borer was used for sampling because it
allowed collection of samples with a homogeneous surface
area. The study site, Kaneohe Bay, Hawaii, was chosen
because it contained both P. lobata and P. lutea at various
depths, and therefore allowed groups of corals receiving
similar irradiance to be sampled. The study took place in
winter because coral pigment concentrations are typically
higher during this period in Kaneohe Bay compared to the
summer months, when they are aVected by increased irradiance, ultraviolet light and temperature (KuVner 2005). Additionally, the corals were sampled in the morning to limit
pigment variability caused by diurnally variable light Welds.
Colonies of P. lobata (n = 49) and P. lutea (synonymous
with Porites evermanni; see Fenner 2005) (n = 32) were
sampled from Kaneohe Bay, Oahu, Hawaii during 17–25
January 2004. During these Weld sessions, several Porites
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spp. colonies were found that contained small patches of
low pigmentation and some were found with tumor-like
features. No bleached colonies were located. The colonies
with patches of low pigmentation and tumor-like features
were considered ‘unhealthy’ and not sampled, and colonies
that displayed even green-brown pigmentation were identiWed as ‘healthy’ and sampled for the study. All corals were
sampled between 09:00 and 13:00 h Hawaii Standard Time.
Prior to conducting the large sampling of coral colonies,
intra-colony pigment variability was compared within individual colonies, and the lowest percent coeYcient of variance for pigment measurements was found when replicate
samples were taken from the top surface of the colony.
Thus, this mode of sampling was applied to collect all samples for this study.
Colonies were sampled at two shallow sites of 0–2 m (20
P. lobata, 11 P. lutea), three mid-shallow sites of 2–4 m (14
P. lobata, 18 P. lutea), two sloping mid-deep sites of 10–
15 m (10 P. lobata, 2 P. lutea) and one sloping deep forereef
site of 19–21 m (5 P. lobata, 1 P. lutea) using SCUBA. To
ensure genetic variation of each species, colonies were typically sampled 3–4 m apart at each site. Fewer samples were
collected at the deeper sites because the forereef was frequently inaccessible due to winter swells. At each site, the
colonies were photographed before removing 6 mm diameter tissue samples (containing 7–8 polyps per core) from the
top, Xat surface of the colony using a cork borer. Samples
for photosynthetic pigments, symbiont density/phenotype
and symbiont genotype were immediately wrapped in aluminum foil and placed in the dark on ice for no more than
2 h before transferring to a ¡80°C freezer. Short-term
(<2 week) storage of pigment samples was at ¡80°C followed by longer-term (2 months) storage in liquid nitrogen.
Ancillary data including photosynthetic available radiation (PAR), sea surface temperature, and precipitation were
collected from the Coconut Island weather station located
in Kaneohe Bay.
Photosynthetic pigment extraction and analysis
HPLC was chosen as the analytical method for pigment
measurements because it allows quantiWcation of each pigment, whereas spectrophotometry is not able to distinguish
between pigments with overlapping wavelengths (e.g.,
chlorophyll a and c2). To prepare the samples for HPLC,
frozen cores were ground using a pestle and extracted in
3 ml of HPLC grade acetone with 100 l of the internal
standard canthaxanthin (Roth Chemical Company) at 4°C.
After 12 h the extract was centrifuged and transferred into a
new vial and the coral sample re-extracted with a fresh 3 ml
aliquot of HPLC grade acetone for an additional 12 h at
4°C. After a total extraction time of 24 h, the extracts were
combined, vortexed, and centrifuged for 5 min.
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A mixture containing 1 ml of the sample extract (containing the internal standard) and 300 l HPLC grade water was
injected onto a Varian 9012 HPLC system equipped with
a Varian 9300 autosampler, a Timberline column heater
(26°C), and a Spherisorb 5 m ODS2 analytical (4.6 £
250 mm) column with a corresponding guard cartridge
(Bidigare et al. 2005). Pigments were detected using ThermoSeparations Products UV 2000 and FL 2000 detectors.
The solvent system for HPLC pigment analysis consisted of
solvent A (methanol:0.5 M ammonium acetate, 80/20, v/v),
solvent B (acetonitrile:water 87.5/12.5, v/v), and solvent C
(ethyl acetate) with a Xow rate of 1 ml min¡1. Solvents A
and B contained 0.01% 2,6-di-ter-butyl-p-cresol (0.01%
BHT, w/v; Sigma-Aldrich). The linear gradient used for pigment analysis included 0.0’ (90% A, 10% B), 1.00’ (100%
B), 11.00’ (78% B, 22% C), 27.50’ (10% B, 90% C), 29.00’
(100% B). Eluting peaks were monitored with an absorption
UV/VIS diode array detector ( = B), 30.00’ (100% B),
31.00’ (95% A, 5% B), 37.00’ (95% A, 5% B), 38.00’ (90%
A, 10% 436 nm). Peak identity was determined by comparing retention times with pigment extracts from Amphidinium
carterae (culture obtained from Provasoli-Guillard National
Center for Culture of Marine Phytoplankton) and pigment
standards including chlorophyll c2, peridinin, diadinoxanthin, diatoxanthin ,-carotene, chlorophyll b, lutein (DHI
Water and Environment) and chlorophyll a (SigmaAldrich). No standard was available for dinoxanthin so the
retention time for violaxanthin was used to estimate its concentration, because these molecules are structurally similar
(JeVrey et al. 1997). Peak area was integrated using the
WOW software (Spectraphysics). Far peak edges, <1% of
the total peak area, were systematically excluded from the
integration because they represent the oxidized or degraded
portion of the pigment. Both colony (g pigment cm¡2) and
cellular (pg pigment cell¡1) concentrations were computed
for each pigment by normalizing to sample surface area and
symbiont density, respectively.
Some samples contained visible endolithic algae at the
base of the tissues. The presence of chlorophyll b and
lutein, endolithic pigments that are not produced by the
dinoXagellate symbionts, was detected in these samples. To
diVerentiate the sources of chlorophyll a that were nonsymbiont derived, the chlorophyll b: chlorophyll a ratio of
0.79 was applied to estimate the chlorophyll a contribution
from endolithic algae (JeVrey and Haxo 1968). The endolithic algae chlorophyll a contribution was then subtracted
from the total chlorophyll a to obtain the dinoXagellate
symbiont contribution.
Symbiont isolation, counting and sorting
Flow cytometry was chosen to quantify symbiont cells and
describe cell characteristics because it is an automated and
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rapid tool. To prepare the samples for Xow cytometry, the
coral tissue was Wrst removed from the frozen core using a
Waterpik® and 0.2 m Wltered seawater. Next, the homogenate
was blended for 30 s and centrifuged at 8,000g for 5 min.
The supernatant containing coral tissue was discarded, the
pellet resuspended in Wltered seawater and repeatedly
pelleted and washed until the symbiont cells were free of
residual host material. The algal pellet was Wnally resuspended in 2.5 ml of Wltered seawater and preserved in 1%
paraformaldehyde.
The symbiont suspensions were analyzed using a Beckman-Coulter XL Xow cytometer with a 15 mW argon ion
laser providing excitation at 488 nm. The Xow cytometer
was interfaced with an Orion syringe pump for quantitative
sample analysis using a 3 ml syringe delivering 100 l of
suspended cells at a Xow rate of 50 l min¡1 for measurement of Xuorescence emission of chlorophyll (630 nm dichroic Wlter, 680 nm bandpass Wlter), as well as forward and
side scatter signals. Duplicate abundance estimates were
averaged for each sample. Several samples were overlaid
with 10 m bead samples to determine the appropriate size
range of the cells. Symbiont subpopulations were identiWed
based on side scatter and Xuorescence characteristics. Listmode Wles generated by the Xow cytometer were analyzed
using FlowJo software (Treestar, Inc.). Parallel densities
were obtained for a subset of samples (n = 18) from replicate hemacytometer counts using an Olympus BX51 microscope with halogen lamp.
For a subset of samples (2 P. lobata, 3 P. lutea), symbiont subpopulations were separated for taxonomic identiWcation using a Beckman Coulter Epics Altra Xow cytometer
equipped with two argon ion lasers, tuned to UV (225 mW)
and 488 nm (1 W) excitation. Scatter (side and forward)
and Xuorescence signals were collected using Wlters as
appropriate, including those for Hoechst-bound DNA,
phycoerythrin and chlorophyll. Cells with high chlorophyll
and scatter were separated from cells with low chlorophyll
and scatter. The instrument was set up to maximize purity
over yield, achieving >90% purity after sorting. A minimum of 4 £ 104 cells were collected from each separated
subpopulation.
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GCTGCTAC-3⬘) and ss3z (5⬘-AGCACTGCGTCAGTCC
GAATAATTCACCGG-3⬘) as per the reaction conditions
of Rowan and Powers (1991b). An aliquot of the PCR
product was digested with Taq1 restriction enzyme, visualized on a 1.4% agarose gel using electrophoresis, and compared to published images by Rowan and Powers (1991b)
to determine clade. The genetic identity of the separated
symbiont subpopulations was further investigated in two
colonies by cloning and sequencing the internal transcribed spacer region of the nuclear ribosomal array
(nrDNA ITS2) using the methods described in Apprill and
Gates (2007).
Statistical analysis
Statistical analyses were performed using either MATLAB
(Mathworks) or MINITAB Statistical Software (MINITAB, Inc.). All tests were performed using 95% probability
(alpha = 0.05). DiVerences between coral species and depth
groups were analyzed using a one-way analysis of variance
(ANOVA) with Tukey’s post-hoc test, and pigment ratio
diVerences analyzed with a two-sample t test. Model II
regressions were used to compare pigment ratios and percent coeYcients of variance [CV = (standard deviation/
mean) £ 100] to demonstrate pigment and symbiont concentration variability.

Results
Light and sea surface temperature
During the 2 weeks of sampling in January 2004, daily
PAR dose was measured as mean (§SD) 15.9 (3.98)
mol m¡2 and sea surface temperature as 24.3 (0.120) °C.
Throughout 2004, PAR irradiance and sea surface temperature were lowest in the winter months of December and
January and highest during the summer months of July and
August. No major storm events occurred two weeks prior to
or during the sampling period.
Variability in pigment concentrations and ratios

Symbiont clade identiWcation
For each colony sampled, symbiont cells were removed
from the frozen cores using the Waterpik® method outlined
previously. Cells from the isolated symbiont subpopulations were obtained by sorting using Xow cytometry, as previously outlined. DNA was extracted from the cells using a
DNeasy Plant MiniKit® (Qiagen). Nuclear small subunit
ribosomal DNA (nrDNA) was ampliWed using the polymerase chain reaction (PCR) with the zooxanthellae speciWc
primers ss5z (5⬘-GCAGTTATAGTTTATTTGATGGTT
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The dinoXagellate pigments chlorophyll a, peridinin,
diadinoxanthin (DD), chlorophyll c2, diatoxanthin (DT),
,-carotene, and dinoxanthin were detected in all
P. lobata (n = 49) and P. lutea (n = 32) colonies examined. Each pigment concentration spanned varying ranges
of 1.5–10 fold per depth group (shallow 0–2 m; mid-shallow 2–4 m; mid-deep 10–15 m, and deep 19–21 m)
(Table 1). Most depth groups displayed percent coeYcient
of variance greater than 20% for each pigment, with ranges
extending from 14.4 to 61.3% (Table 1). The highest
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Table 1 Porites lobata and Porites lutea photosynthetic pigment concentration ranges grouped by bathymetric depth
Pigment

Chlorophyll a

Peridinin

DD + DT

Chlorophyll c2

,-carotene

Dinoxanthin

Depth (m)

P. lobata (g
pigment cm¡2)

P. lobata
CV (%)

P. lobata (pg
pigment cell¡1)

P. lutea (g
pigment cm¡2)

P. lutea
CV (%)

P. lutea (pg
pigment cell¡1)

0–2

9.280–47.50

31.4

4.501–16.73

17.34–29.27

15.2

4.398–9.784

2–4

21.23–47.44

20.6

4.361–15.19

14.57–41.55

31.4

3.419–15.81

9–15

17.05–31.15

23.9

8.278–13.80

19.77–32.03

n/a

7.701–8.786

19–21

9.860–20.45

24.8

8.23–16.18

21.90

n/a

8.786
2.308–5.779

0–2

3.590–19.25

31.9

1.945–6.805

8.030–17.55

22.4

2–4

9.658–21.56

22.1

2.039–6.834

8.26–28.58

33.6

2.284–12.49

9–15

9.123–14.51

16.7

3.814–7.167

11.08–25.16

n/a

4.923–6.050

19–21

5.500–10.10

22.0

3.907–7.895

11.09

n/a

4.343

0–2

1.866–10.52

30.9

1.004–3.572

4.850–9.060

21.3

1.216–2.443

2–4

4.810–10.51

40.9

0.959–4.786

4.827–12.26

32.3

1.044–5.356

9–15

3.696–5.943

22.1

1.517–2.525

5.040–8.150

n/a

1.960–2.239

19–21

2.569–3.922

17.2

1.393–3.065

3.919

n/a

1.535

0–2

0.599–5.149

37.4

0.3560–1.212

1.580–3.362

22.8

0.4219–0.9691

2–4

1.966–4.411

21.4

0.4013–1.496

1.279–5.208

43.6

0.3162–1.926

9–15

1.487–3.387

26.5

0.6636–1.569

1.810–3.186

n/a

0.7660–0.8045

19–21

0.886–1.767

31.4

0.595–1.381

1.493

n/a

0.5847

0–2

0.284–2.071

34.8

0.1752–0.7342

0.186–1.800

35.9

0.0604–0.4907

2–4

0.520–2.134

31.6

0.0834–0.5736

0.388–2.958

58.0

0.0751–1.030

9–15

0.6320–1.365

29.3

0.2857–0.4934

0.255–1.435

n/a

0.113–0.345

19–21

0.100–0.753

61.3

0.0645–0.5462

0.5023

n/a

0.1968

0–2

0.2805–1.479

30.7

0.1149–0.5653

0.6341–1.163

16.9

0.1778–0.3695

2–4

0.6972–1.458

22.7

0.1261–0.500

0.5647–1.722

35.2

0.1229–0.6810

9–15

0.5118–1.1604

25.3

0.2002–0.4592

0.642–1.115

n/a

0.2680–0.2852

19–21

0.3848–0.5444

14.4

0.2123–0.4254

0.6628

n/a

0.2597

Percent coeYcient of variance (CV) for each pigment and species are calculated from the colonies with n > 3 from g pigment cm
concentrations.
Colony sample sizes for P. lobata and P. lutea, respectively: 0–2 m (n = 20, 11), 2–4 m (n = 14, 18), 9–15 m (n = 10, 2), and 19–21 m (n = 5, 1).
Chlorophyll a concentrations exclude the calculated contribution from endolithic algae
¡2

P. lobata and P. lutea pigment variability was associated
with ,-carotene.
The endolithic algal pigments chlorophyll b and lutein
are not listed in Table 1 but were detected in a subset
of colonies sampled. Chlorophyll b was detected in 26
P. lobata and 9 P. lutea colonies with small mean (§SD)
concentrations of 0.49 § 1.05 and 0.51 § 1.05 g pigment
cm¡2, respectively. Lutein was detected in 12 P. lobata and
15 P. lutea colonies with smaller mean (§SD) concentrations of 0.011 § 0.036 and 0.023 § 0.06 g pigment cm¡2,
respectively. On average, the combination of chlorophyll b
and lutein contributed less than 1% to the total pigment
pool. Approximate endolithic algal chlorophyll a concentrations were calculated from the P. lobata and P. lutea
samples to range from 0.006 to 6.99 g cm¡2 using the
JeVrey and Haxo (1968) ratio of chlorophyll b:a of 0.79, a
ratio derived from pigment concentrations of the lobate
Favia spp. coral. Chlorophyll a from endolithic algae therefore comprised a mean of 1.5% and a maximum of 36% of
the total chlorophyll a measured in individual colonies,

with the highest concentration detected in a P. lobata colony from 2 to 4 m.
The pigments are plotted against each other in Fig. 1 as
pigment per colony to illustrate pigment variability per species and pigment ranges per generalized depth group
(shallow + mid-shallow; mid-deep + deep) for simplicity.
Both species of coral displayed pigment ranges of 5–10
fold over the combined depth groups, but the major pigment ratios were relatively conserved despite concentration
and depth diVerences. Correlation coeYcients (r2) between
pigments of each species ranged from as high as 0.88 for
the P. lobata chlorophyll a:c2 ratio (Fig. 1a) and as low as
0.54 for the P. lutea chlorophyll a to peridinin ratio
(Fig. 1b). The congeners displayed signiWcantly diVerent
distributions of the pigments peridinin and chlorophyll a
(Fig. 1b), with P. lutea containing signiWcantly greater
peridinin (ANOVA, F = 8.06, p < 0.006) and less chlorophyll a (ANOVA, F = 4.38, p < 0.04) compared to
P. lobata, with a more pronounced diVerence in colonies
with higher pigment concentrations. The remaining pigments
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P. lobata = 0.84
Chlorophyll a

2

Chlorophyll c

2

P. lobata = 0.75

a
0

10

20
30
Chlorophyll a

40
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30
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b

0

50

P. lutea = 0.54
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0

5
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20
Peridinin

25
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6
2

P. lobata = 0.58

P. lutea = 0.64

c
0

5

3

10

15
20
Peridinin

25

2

0

P. lutea = 0.63

e
0

5

10

15
20
Peridinin

exhibited similar patterns of distribution for both species
(Fig. 1c–f).
Symbiont densities, phenotypic characteristics
and genetic identity
To determine if Xow cytometry was an adequate method
to quantify symbiont densities, data obtained using Xow
cytometry was compared to cell counts made using a hemacytometer viewed under a microscope for a subset of samples (n = 18). The two methods produced similar results
(r2 = 0.79) for a range of sample densities (0.4–8 £ 106
cells cm¡2), and no method consistently produced higher or
lower densities. The Xow cytometry method was found to
be adequate for measuring symbiont abundances and
applied to all samples to allow for the simultaneous quantiWcation of symbionts and description of phenotypic traits.
Symbiont abundances were found to be variable per
depth group with the largest ranges and coeYcients of
variance associated with shallow and mid-shallow colonies, with higher variability associated with P. lobata
compared to P. lutea colonies (Table 2). There was no
signiWcant diVerence in symbiont density between depth
groups.
Analysis of the isolated symbionts using Xow cytometry revealed distinct cell clusters based on chlorophyll

P. lutea = 0.76

d
0

5

10

15
20
Peridinin

25

30

3

P. lobata = 0.61

1

5

0

30

β,β - carotene

β,β- carotene

DD + DT

2

P. lobata = 0.57

10

4

0
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50

deep P. lobata P. lutea = 0.88
deep P. lutea
shallow P. lobata
shallow P. lutea

4

0

Chlorophyll c

Fig. 1 Pigment concentration
ranges in g pigment cm¡2 from
Porites lobata (open symbols)
and Porites lutea (Wlled symbols) colonies by generalized
depth groupings, with squares
representing 10–21 m deep colonies, and triangles representing
0–4 m shallow colonies. Model
II regressions of pigments by
species for P. lobata (dashed
lines) and P. lutea (solid lines)
are listed as r2 values corresponding to the species. All
regressions were signiWcant
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P. lobata = 0.63
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DD + DT

Table 2 Concentrations of symbionts in Porites lobata and Porites
lutea colonies grouped by bathymetric depth
Depth (m)

P. lobata (106
cells cm¡2)

P. lobata
CV (%)

P. lutea (106
cells cm¡2)

P. lutea
CV (%)

0–2

1.5–6.9

37.2

2.3–5.6

26.5

2–4

1.8–8.8

44.4

2.2–7.2

33.7

9–15

1.9–3.2

17.9

2.3–4.2

n/a

19–21

1.3–2.1

23.8

2.6

n/a

Percent coeYcient of variance (CV) for each species are calculated
from the colonies with n > 3. Colony sample sizes are the same as
Table 1

Xuorescence and side-scatter properties, with side-scatter
indicating relative cell size, in all colonies examined
(P. lobata n = 49; P. lutea n = 32). The clusters contained
very similar properties among the samples representing
colonies from diVerent species and depths. The cell clusters were named subpopulations and designated as sym 1
and sym 2 in a representative P. lutea plot (Fig. 2a) and
sym 1 and sym 3 in a representative P. lobata plot
(Fig. 2b). Sym 1 displayed the highest Xuorescence, sym
2 a mid range Xuorescence and less side scatter (smaller
cell size), and sym 3 the lowest Xuorescence and greatest
range of side scatter (larger range of cell size) relative
to that exhibited by sym 1 and 2. The presence of the
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a P. lutea

b P. lobata

10 1

Chlorophyll fluorescence
(log, arbitrary units)

Fig. 2 Symbiont subpopulations detected by side scatter and
chlorophyll Xuorescence using
Xow cytometry, with increasing
cell density represented by blue,
green, yellow, orange, and red
colors, respectively. These representative graphs display diVerent distributions of the
subpopulations as a dense clusters of sym 1 and sym 2 subpopulations from Porites lutea and
b dense clusters of sym 1 and
sym 3 subpopulations from
Porites lobata
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Sym 111
Sym

Sym
Sym 111
Sym

10 0

Sym
Sym 222

subpopulations was conWrmed in freshly isolated (nonfrozen or preserved) cells.
To examine if the larger sized subpopulation (sym 1)
represented dividing cells, a subset of samples (n = 5) were
stained with a DNA dye and scatter characteristics were
examined. This experiment showed that the sym 1 group
did not contain higher DNA content compared to the other
subpopulations. Additionally, a subset of samples (n = 18),
were examined under a Xuorescence microscope and size
and Xuorescence variations were veriWed using this method
as well as the low occurrence of visibly dividing cells (0.8–
2% of cells examined). In all samples examined microscopically, a small percentage of cells, 4–13%, contained disrupted cell walls and lower Xuorescence that might have
been damaged during the processing steps of waterpicking
and blending.
The Xow cytometry analysis revealed that both P. lobata
and P. lutea colonies contained cells in all three subpopulation categories, and additional data analysis uncovered that
the distribution of the subpopulations diVered between the
congeners. P. lobata colonies contained a comparatively
greater percentage of low Xuorescing sym 3 cells, and
P. lutea colonies contained a greater distribution of higher
Xuorescing sym 1 and sym 2 cells, and there was some variation on this theme among colonies of each species
(Fig. 3). The pigment concentrations of samples containing
a very high proportion (59–62%) of sym 1 cells (n = 3) and
a very high proportion (49–52%) of sym 2 cells (n = 4)
were compared, and the high sym 1 samples were found to
contain a signiWcantly higher chlorophyll a:peridinin ratio
(chl a:per) with a mean (SD) of 1.91 § 0.103, compared to
the chl a:per of colonies with a high proportion of sym 2
cells, 1.35 § 0.098 (two sample t-test, T = 7.29, p = 0.002)
(Fig. 3).
Comparison of 18S nrDNA RFLP Wngerprints for all
P. lobata (n = 49) and P. lutea (n = 32) colonies revealed
the presence of clade C Symbiodinium sp. The RFLP identities were veriWed for a subset of the colonies (n = 7) by
cloning and sequencing the ITS2 region (data presented in

Sym 333
Sym

10 0

101

10 2

10 0

103

Side scatter (log, arbitrary units)

101

10 2

10 3

Side scatter (log, arbitrary units)

% Sym 1

high chl a:per

low chl a:per

P. lobata
P.lutea
% Sym2

% Sym 3

Fig. 3 Ternary diagram displaying the percent distribution of the three
symbiont subpopulations sym 1 (high Xuorescence, large cell size),
sym 2 (mid Xuorescence, smaller cell size), and sym 3 (low Xuorescence, variable cell size) for Porites lobata (squares) and Porites lutea
(diamonds) colonies. Each of the three peaks in the diagram represents
a colony containing 100% of that peak’s designated sym subpopulation. The box designates P. lutea colonies with a large community of
sym 1 cells with a signiWcantly higher chlorophyll a : peridinin ratio
(chl a:per) compared to the circled symbol enclosing colonies with an
abundant community of sym 2 cells

Apprill and Gates 2007). To examine if the subpopulations
were diVerentiated by genetic identity, the subpopulations
(sym 1, sym 2, sym 3) were separated using Xow cytometry
and RFLP identities were obtained. Of the shallow (n = 2)
and mid-deep (n = 2) P. lobata and shallow (n = 2) and
mid-deep (n = 1) P. lutea colonies examined, all separated
subpopulations were also identiWed as clade C. Additional
analyses of the ITS2 region of the separated subpopulations
from two colonies using cloning and sequencing found
multiple clade C ITS2 types per subpopulation. No distinct
taxonomic diVerences or patterns were identiWed that corresponded to the separated subpopulations (Genbank accessions DQ182634, DQ182635, DQ182642-DQ182643,
DQ182646-DQ182649).
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Discussion
This study was conducted to characterize the pigment variability in visibly healthy corals and to describe genetic and
phenotypic traits of the symbiont communities that may
contribute to the variability. The sampling design minimized the introduction of methodological artifacts and only
compared visibly healthy corals residing at similar depths.
With these considerations, the results reveal high variability
of pigment concentrations in healthy colonies of P. lobata
and P. lutea residing at similar depths. The high degree of
pigment variability described here for a single species has
not been previously observed in any study focusing on
healthy coral colonies.
Given the nature of this variability, it is important to
address whether the variability is an artifact associated
with sampling, methods or study design. The method used
to diVerentiate colored (‘healthy’) versus bleached or diseased (‘unhealthy’) colonies was qualitatively simple and
relied upon an observer’s interpretation. More systematic
methods to assess coral coloration have been undertaken
in other studies (Fabricius 2006), and it is possible that
there were some diVerences in the intensity of color
among colonies chosen for this study. However, the
concentrations reported here are consistently higher than
previously reported for corals (discussed in more detail
below), and likely correspond to colonies with a healthy
suite of symbionts.
The pigment variability reported here is also likely not
an artifact of diel variation or variation in the environmental conditions speciWc to sampling times. While there
was some variation in the time of day that each colony
was sampled, photosynthetic pigments generally require
hours to days to adjust concentrations (Falkowski et al.
1990). Even though the photoprotective-type pigments
such as the xanthophyll cycling pigments (DD and DT)
can Xuctuate much faster, they typically do not exhibit the
large ranges observed here over a full day (Brown et al.
1999b).
A likely contributor to the pigment variability of P.
lobata and P. lutea are the symbiont subpopulations containing variable cell size and Xuorescence characteristics.
In both species, the densities and cellular characteristics
of the symbiont communities were highly variable and the
diVerences in cell size were not related to cell division.
Observations of variable symbiont cell sizes have previously been reported in studies employing Xow cytometry
to examine symbionts (Lesser 1989; Smith and Muscatine
1999). This is the Wrst report consistently observing these
features in a large sampling of non-experimentally manipulated symbionts. Because the colonies examined here
were not exposed to experimental conditions, the symbiont subpopulations are likely normally occurring features

123

Coral Reefs (2007) 26:387–397

in P. lobata and P. lutea. The variable cell sizes and Xuorescence characteristics of P. lobata and P. lutea symbionts indicate a non-homogenous population that may be
exhibiting a gradient of physiologies in relation to the
variable host microenvironment (Kühl et al. 1995). These
subpopulations require future study to determine if they
are also features found in other coral species.
Since a relationship was found between colonies with a
high percentage of sym 1 cells and high chlorophyll a:
peridinin (chl a:per), these subpopulations appear to be
important contributors to the pigment signature of the colony. This relationship between an abundance of sym 1 and
greater chl a:per indicates that the sym 1 population may
exhibit diVerential photoacclimatization or physiological
properties compared to the sym 2 subpopulation. For example, the higher peridinin observed in sym 2 suggests that
this subpopulation may be acclimated to a higher light environment (Helmuth et al. 1997), such as residing in the tentacles or another area of the polyp exposed to elevated
irradiance. The possibility that irradiance microenvironments within the host are driving the symbiont subpopulation characteristics requires future study, and may help aid
in understanding interactions between symbionts and their
hosts.
Because all P. lobata and P. lutea colonies and the separated subpopulations contained symbionts belonging to
clade C Symbiodinium, the observed pigment and cell size
diVerences were not attributable to clade-level genetic
diVerences. Examining the ITS2 identity of the separated
subpopulations from two colonies did reveal subcladelevel diVerences within each subpopulation. However,
several ITS2 types were present in all three of the subpopulations, and there was no pattern between genotype and
subpopulation. This lack of genetic distinction does
provide additional support for the importance of the
coral–host environment in partitioning the symbiont
community.
Despite the high variability of pigment concentrations
and symbiont characteristics, colonies of the same species
throughout a range of depths displayed relatively conserved
proportions of the pigments. Large diVerences in the ratios
of chl a:per were found for P. lobata compared to P. lutea
colonies, and the trend was consistent over a large range of
depths. The diVerence in chlorophyll a and peridinin proportions probably do not reXect a greater presence of endolithic algae because many of the P. lobata colonies that
displayed high chl a:per did not contain endolithic pigments detectable using high precision HPLC analysis. The
diVerential proportions of chlorophyll a and peridinin
between the congeners may therefore be related to photoacclimatization properties of the colonies, and requires future
investigation with regard to the diVerential distribution of
the symbiont subpopulations.

Coral Reefs (2007) 26:387–397

395

Table 3 Comparison of studies measuring photosynthetic pigment concentrations using HPLC for visibly healthy Weld corals and reporting concentrations as g pigment cm¡2
Coral species

Region

Depth (m)

Chl a

Per

Chl c2

-car

DD

DT

Reference

Porites lobata

K-Bay, HI

0–2

9–47

4–19

0.6–5

0.28–2.0

1.6–9.5

0.23–3.2

This study

Porites lutea

K-Bay, HI

0–2

17–29

8–18

1.6–3

0.19–1.8

3.5–6.7

0.8–3.3

This study

Porites compressa

K-Bay, HI

1

6–17

7–16

3–8

–

2.5–5

–

KuVner (2005)*

Porites sp.

Puako, HI

2–8

5.01

8.59

–

0.29

–

–

Cottone (1995)

Porites asteroides

Bahamas

4–5

4.7

2.8

–

–

–

–

Myers et al. (1999)

Porites porites

Bahamas

4–5

4.2

3.8

–

–

–

–

Myers et al. (1999)

Montastraea annularis

Bahamas

4–5

3.6

2.2

–

–

–

–

Myers et al. (1999)

Montastraea cavernosa

Bahamas

4–5

5.4

4.2

–

–

–

–

Myers et al. (1999)

Montastraea annularis

Florida

8

6.35

2.15

2.43

–

0.99

Montipora monasteriata

GBR

3–5

2–6

1.5–5

0.4–1.6

–

–

Montastraea cavernosa

FL Keys

10

6.8

7.46

3.15

0.84

6.65

1.82

Lesser et al. (2000)

Montastraea faveolata

FL Keys

10

5.44

6.44

2.3

0.75

4.51

1.14

Lesser et al. (2000)

Montastraea cavernosa

FL Keys

18

14.0

8.8

4.7

0.75

3.41

0.49

Lesser et al. (2000)

Montastraea faveolata

FL Keys

18

12.1

7.9

4.5

0.5

3.07

0.64

Lesser et al. (2000)

Kleppel et al. (1989)
–

Dove et al. (2006)*

Concentrations are reported as listed in the reference with an asterisk (*) denoting concentrations interpreted from a Wgure and a dash (–) indicating
no reported data (Chl a chlorophyll a, chl c2 = chlorophyll c2, Per = peridinin, -car = ,-carotene, DD = diadinoxanthin, DT = diatoxanthin,
K-bay = Kaneohe Bay, GBR = Great Barrier Reef, Australia)

Pigment concentrations
The observation of both large pigment concentrations and
high variability is informative because pigment measurements (both qualitative and quantitative) are frequently
used for monitoring the condition of corals. To date,
research eVorts have focused on deWning changes in pigment concentrations or symbiont density Xuctuations in
response to seasonal and stress conditions (Ambarsari et al.
1997; Stimson 1997; Fitt et al. 2000), with fewer studies
focusing on healthy or non-manipulated colonies. To examine how the concentrations of coral pigments measured in
this study compare to those studies focusing on healthy colonies, we compared the 0–2 m concentrations (for simplicity) obtained in this study to studies reporting HPLC
obtained concentrations as g cm¡2 (Table 3). Concentrations of chlorophyll a measured in this study were higher
and exhibited larger ranges compared to other studies, but
the concentrations of other pigments were more similar.
Most notably, concentrations of the dinoXagellate-speciWc
biomarker peridinin were comparable to those measured
for Hawaiian Porites sp. by KuVner (2005) and Cottone
(1995). The inconsistency in the chlorophyll a concentrations between this study and KuVner (2005) and Cottone
(1995) do not likely reXect an underestimation of the
amount of chlorophyll a contributed by the endolithic algae
in this study. The pigments peridinin, DD + DT, , -carotene and dinoxanthin do not commonly reside in endolithic
algae and, like chlorophyll a, also exhibited high concentrations in both P. lobata and P. lutea. Alternatively, the

comparably high pigment concentrations observed here and
in KuVner (2005) and Cottone (1995) may be related to the
light and nutrient concentrations of Hawaiian waters. However, it is also very likely related to the fact that Porites spp.
are typically deep-tissued corals (Barnes and Lough 1992)
that may harbor larger symbiont communities per surface
area compared to other species. It is clear from the pigment
ranges presented in this table that more focus is necessary
to examine pigment concentrations and distributions in
healthy corals.
While the use of HPLC analysis is necessary to provide
pigment concentration data for small-scale studies of corals, measuring pigments using this technique is not ideal for
high-resolution pigment monitoring because of the time,
money and intrusive sampling involved. Recent studies
have shown that non-invasive measurements of coral
reXectance spectra can accurately predict coral pigment
concentrations (Hochberg et al. 2006), thus introducing a
low-cost quantitative monitoring tool that provides information about all symbiont photosynthetic pigments. These
measurements could serve as a proxy for coral health by
approximating the degree of coral bleaching, or loss of
color. Future technologies may also allow spectra to be
recorded from airborne sensors or satellites, potentially providing daily, world-wide records of coral pigmentation that
could be used to track changes and target areas for reef
management. Increasing the size of HPLC measured pigment databases for diverse coral species and furthering
knowledge of healthy coral pigment concentrations are fundamental to the development of this and other optical-based
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coral monitoring tools. For example, if models are based on
pigment concentrations from studies describing low concentrations, they will not be useful for predicting concentrations of Hawaiian Porites corals. Further research linking
pigments to sources of variability may also allow these biooptical tools to provide more informative characteristics
about the symbiont characteristics.
In conclusion, this description of high pigment variability in Porites sp. colonies residing at similar depths
expands the current knowledge of pigment characteristics
in healthy corals. Within each colony of P. lobata and
P. lutea, phenotypically distinct symbiont subpopulations
belonging to the same clade were observed. Further, the chl
a:per trends illustrate that the distribution of these subpopulations contributes to the total pigment signature of the colony. Thus, the subpopulations may also contribute to the
observed pigment variability. Future research regarding the
dynamics of coral–symbiont subpopulations and their
photosynthetic properties is necessary to understand this
important symbiosis. Research in this area may aid in
revealing why individual coral colonies exhibit such diVerential responses to stress-related events.
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