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Abstract Corals harbouring genetically mixed communi-
ties of endosymbiotic algae (Symbiodinium) often show
distribution patterns in accordance with differences in light
climate across an individual colony. However, the physiol-
ogy of these genetically characterised communities is not
well understood. Single stranded conformation polymor-
phism (SSCP) and real time quantitative polymerase chain
reaction (qQPCR) analyses were used to examine the genetic
diversity of the Symbiodinium community in hospite across
an individual colony of Acropora valida at the spatial scale
of single polyps. The physiological characteristics of the
polyps were examined prior to sampling with a combined
0O, microelectrode with a fibre-optic microprobe (combined
sensor diameter 50-100 pm) enabling simultaneous
measurements of O, concentration, gross photosynthesis
rate and photosystem II (PSII) quantum yield at the coral
surface as a function of increasing irradiances. Both sun-
and shade-adapted polyps were found to harbour either
Symbiodinium clade C types alone or clades A and C
simultaneously. Polyps were grouped in two categories
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according to (1) their orientation towardps light, or (2) their
symbiont community composition. Physiological differ-
ences were not detected between sun- and shade-adapted
polyps, but O, concentration at 1,100 pmol photons
m~2s~! was higher in polyps that harboured both clades A
and C symbionts than in polyps that harboured clade C
only. These results suggest that the acclimatisation of zoo-
xanthellae of individual polyps of an A. valida colony to
ambient light levels may not be the only determinant of the
photosynthetic capacity of zooxanthellae. Here, we found
that photosynthetic capacity is also likely to have a strong
genetic basis and differs between genetically distinct
Symbiodinium types.

Introduction

An obligate symbiotic relationship exists between reef-
building corals (Scleractinia) and endosymbiotic dinofla-
gellates of the genus Symbiodinium, known as zooxanthellae.
The photosynthetic activity of zooxanthellae results in
translocation of photosynthate, which represents a major
energy source for the host, and enables corals to maintain
high rates of CaCO; deposition contributing to the three-
dimensional structure of coral reefs (Muscatine 1990).
However, photo-physiological differences among members
of Symbiodinium are not well characterised.

Symbiodinium is a diverse genus where six (A-D, F
and G) out of eight known phylogenetic lineages or clades
have been found in scleractinian corals (LaJeunesse 2001;
Coffroth and Santos 2005; van Oppen et al. 2005). In most
corals, these symbiotic communities are found to be geneti-
cally homogeneous (Goulet 2006), although additional
strains, sometimes from different clades, and present at low
abundances are likely to have been overlooked in most
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studies (Ulstrup and van Oppen 2003; Mieog et al. 2007).
Mixed communities comprising more than one Symbio-
dinium clade are known to occur within single colonies of
some coral species, especially in the coral genus Acropora
on the Great Barrier Reef (van Oppen et al. 2001; Ulstrup
and van Oppen 2003; Berkelmans and van Oppen 2006)
and in the Montastraea annularis complex in the Caribbean
(Rowan etal. 1997; Toller etal. 2001; Thornhill et al.
2006). The ability of some corals to host a variety of Symbio-
dinium types simultaneously has been suggested to
provide a means by which corals can withstand somewhat
higher sea water temperatures by a process called symbiont
shuffling (Baker 2003). Shuffling refers to a change in the
relative abundance of genetically, and therefore potentially
physiologically, different Symbiodinium types (Baker 2003)
and has been documented for several coral species (Toller
et al. 2001; Little et al. 2004; Thornhill et al. 2006).

Different physiological characteristics have been
ascribed to different Symbiodinium clades in hospite as cer-
tain symbiont types exhibit distinctive distribution patterns
that correlate with temperature and light microclimate
(Rowan etal. 1997; Toller etal. 2001; Fabricius et al.
2004). Physiologically, zooxanthellae in hospite have been
shown to perform differently between sun- and shade-
adapted colonies (Falkowski and Dubinsky 1981; Porter
et al. 1984; Gorbunov et al. 2001), between sun- and shade-
adapted surfaces of individual colonies (Jones et al. 1998;
Ralph etal. 2005), between polyp and coenosarc tissue
(Kiihl et al. 1995; Ralph et al. 2002; Ulstrup et al. 2006b),
between diseased and healthy tissue of a branch (Ulstrup
etal. 2007), and along the length of coral branches
(Gladfelter et al. 1989; Hill et al. 2004). Although account-
ing for physiological differences at a range of spatial scales,
these studies were never accompanied by genetic character-
isation of the zooxanthellae. Iglesias-Prieto et al. (2004)
were the first to combine physiological in situ measure-
ments using a pulse—amplitude—-modulation (PAM) sub-
mersible fluorometer with genetic characterisation of
zooxanthellae. They showed that the vertical distribution of
genetically different zooxanthellae could be explained by
their light utilisation capabilities. However, using a similar
instrument, Warner et al. (2006) found no physiological
differences among different symbionts occurring in the
same species of coral at a particular depth.

Studies on cultured (Chang et al. 1983; Iglesias-Prieto
and Trench 1994) as well as freshly isolated zooxanthellae
(Savage et al. 2002; Bhagooli and Hidaka 2003; Robison
and Warner 2006) also indicated that photosynthetic
responses may differ between Symbiodinium types. In some
instances, however, more variation was documented within,
than between, individual Symbiodinium clades (Savage
etal. 2002; Robison and Warner 2006). Moreover,
Bhagooli and Hidaka (2003) showed little congruence in
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physiological responses between freshly isolated and in
hospite counterparts, supporting the notion that the host is
an important determinant of the symbiont physiology. For
example, it has been demonstrated that Symbiodinium incu-
bated in homogenised host tissue releases more photosyn-
thate (Grant et al. 1997; Gates et al. 1999) and exhibits
higher photosynthetic carbon fixation and oxygen produc-
tion as compared to in vitro incubations in sea water (Gates
et al. 1995, 1999).

Physico-chemical microenvironmental conditions strongly
influence the photosynthetic condition of the symbionts
(Kihl et al. 1995; Ulstrup et al. 2006b). Microchemical
conditions as well as light attenuation and amplification are
highly variable at a very small scale <50-100 um (Kiihl
etal. 1995; De Beer et al. 2000; Ulstrup et al. 2006b). The
irradiance that corals have experienced prior to measure-
ment may also influence the photosynthetic performance of
zooxanthellae (Falkowski and Dubinsky 1981; Porter et al.
1984; Jones et al. 1998) and the duration of light exposure
may affect chlorophyll a fluorescence-derived measurements
(Kiihl et al. 2001; Ralph et al. 2005; Ulstrup et al. 2007).

The physiological plasticity and genetic diversity of zoo-
xanthellae harboured by corals have previously been corre-
lated with depth (Rowan et al. 1997), geographic location
(Ulstrup and van Oppen 2003; Ulstrup et al. 2006a) as well
as temperature (Glynn et al. 2001; Fabricius et al. 2004;
Ulstrup et al. 2006a). However, the physiological attributes
of zooxanthella communities in hospite have never before
been correlated with their intra-colony genetic diversity. In
this study, the mixed community of Symbiodinium and their
physiological characteristics in hospite were examined
across an individual colony of Acropora valida at the spa-
tial scale of single polyps (<2 mm in diameter). By deter-
mining the diversity as well as the relative abundance of
individual strains of Symbiodinium in A. valida in combina-
tion with estimates of photosynthesis capacity at the scale
of single polyps, we were able to show a level of physiolog-
ical specialisation of genetically distinct Symbiodinium
communities in hospite.

Materials and methods

One A. valida colony of ~20 cm in diameter with branch
lengths of up to ~10 cm was collected on the inner reef flat
of Heron Island at less than 2 m depth adjacent to Heron
Island Research Station (23°26'S, 152°06'E) in July 2004.
The colony was maintained in natural seawater at an ambi-
ent temperature of 20 & 0.5°C in a flow-through aquarium
under shaded conditions at <100 pmol photons m~2 s~! for
3 days prior to measurements. Before each measuring
sequence (n = 17), a ~5 cm branch either in sun- or shade-
adapted orientation was detached from the colony. The
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branch was held securely in plasticine within a custom-built
flow chamber (25 x 10 x 10 cm) at a constant mean flow
velocity of ~1 cms™!. A combined O, microelectrode and
fibre-optic microsensor (Kiihl 2005) was placed on sun-
adapted surfaces 4-10 polyps away from the tip and on
shade-adapted surfaces 2—8 polyps from the tip. After mic-
rosensor measurements the measured polyp of ~2 mm in
diameter was dislodged from the branch using a scalpel,
carefully isolating only the tissue on that corallite and not
adjacent polyps. The polyp was transferred to an Eppendorf
tube containing 1 ml of 95% ethanol. This allowed preser-
vation of DNA for genetic analysis. The branch and polyp
dislodgement scar was then photographed.

DNA extraction and assessment of zooxanthella diversity

DNA extractions from 17 individual polyps were carried
out using the DNeasy™ tissue kit (Qiagen) following the
manufacturer’s protocol for animal tissues, using 200 pl
elution buffer and two elution steps. To qualitatively assess
the zooxanthella diversity and relative dominance of A. val-
ida, 1 pl of the second DNA elution was used in a 25 pl
PCR reaction with zooxanthella-specific primers to amplify
the rDNA internal transcribed spacer 1 (ITS1) region, fol-
lowed by single stranded conformation polymorphism
(SSCP) analysis as described in Ulstrup and van Oppen
(2003). The relative dominance of genotypes detected was
determined by the strongest band for each sample. No
assignment of dominance was given where multiple bands
were discriminated by less than the equivalent of a ten
times dilution (sensu Fabricius et al. 2004). SSCP is unable
to detect relative abundances of less than 5-10% (Fabricius
et al. 2004). In samples where only one zooxanthella geno-
type was detected, an ITS1 quantitative PCR (qPCR) assay,
modified from Ulstrup and van Oppen (2003), was used to
validate the results of the SSCP assay. The assay employed
the primers described in Ulstrup and van Oppen (2003) for
clade C, as well as a new clade A-specific primer (5'-CAG
GTTCACGACAAGTTTTGGATA-3"). Quantitative PCR
reactions were performed on the Rotor-Gene RG-3000A
(Corbett Research), using Invitrogen’s Platinum SYBR
Green 2x PCR Master Mix. Twenty microlitre reactions
were used consisting of 2 pl universal forward primer
(1.8 uM), 2 ul A- or C-specific reverse primer (1.8 uM),
10 pl Platinum SYBR Green 2x PCR Master Mix (Invitro-
gen), 4 pl MilliQ water and 2 pl DNA template. Cycle con-
ditions were as follows: 2 min at 50°C, 2 min at 95°C
followed by 15 s at 95°C and 30 s at 60°C for 40 cycles.

Experimental setup

A custom-made combined O, microelectrode and tapered
fibre-optic microsensor (combined sensor diameter

50-100 pm) (Kiihl 2005) was used to conduct simultaneous
measurements of O, concentration, gross photosynthesis
rate and quantum yield of PSII at the surface of individual
coral polyps (Ulstrup et al. 2006b) as a function of time and
irradiance.

The O, microelectrode was connected to a picoampere-
meter (PA2000, Unisense A/S, Denmark) and measuring
signals were recorded on a strip chart recorder (Kipp and
Zonen, Holland). A linear calibration of the microelectrode
was performed at ambient temperature (20 £ 0.5°C) by
recording signals in air-saturated and O,-free seawater,
respectively. The latter was obtained by adding sodium
dithionite to a small volume of seawater. The O, concentra-
tion of air-saturated seawater at experimental temperature
and salinity (230.9 pmol 17!) was obtained from tabulated
values (http://www.unisense.com).

The fibre-optic microprobe was connected to a PAM
fluorometer (Microfibre-PAM, Walz, Germany; Schreiber
etal. 1996). The fluorometer also controlled a red light
emitting diode (LED) ring, which was used as an actinic
(650 nm) light source. The fluorometer was interfaced with
a windows-based PC and the system software (WinControl
v2.08, Walz, Germany) for the measurement of chlorophyll
a fluorescence in real time at defined irradiance and time
intervals. The instrument settings of the Microfibre-PAM
were adjusted so that a fluorescence signal above 100 units
was obtained on dark-acclimated sample (photomultiplier
gain 30, output gain 8 and measuring light 8).

The combined microsensor was positioned through the
centre of the LED ring, which illuminated the coral sample
with actinic light from oblique angles, thus minimising any
self shadowing effects on the measurements (Ulstrup et al.
2006b). The microsensor was placed in direct contact with
the coral tissue perpendicular to the direction of branch
growth using a manual micromanipulator (MM33,
Mirtzhduser, Germany) while observing the sample with a
dissecting microscope (Leica, Germany).

Measuring sequence

A batch program (Wincontrol, Walz GmbH, Germany) was
written to automate the incremental change in actinic irradi-
ance (0, 25, 50, 100, 170, 240, 470, 1100 pumol photons
m~2s~!) from the LED ring as well as the initiation of a
rapid light curve (RLC, see below). The actinic light levels
were calibrated against a quantum irradiance meter with a
quantum sensor (Li-190SA, LiCor, USA). Ten minutes of
irradiation at each actinic light level was found to be suffi-
cient time to reach steady-state oxygen conditions at the tis-
sue surface, as monitored using the strip chart recorder and
the WinControl chart function (data not shown). At the end
of each light period the O, concentration at the polyp tissue
surface was recorded first, followed by a RLC. Rapid light
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curves were obtained from a series of saturating flashes
>2,000 pmol photons m~2s~! in rapid succession (10 s)
over the following irradiances: 0, 50, 80, 100, 170, 240,
340, 470, 780 pmol photons m~2s~!. Such RLC’s provide
insight into the momentary acclimation capacity for light
utilisation of PSII (Schreiber 2004; Ralph and Gademann
2005). The initial saturating flash of each RLC also pro-
vided measures of steady-state quantum yield of PSII
enabling comparative measures of relative electron trans-
port rate (rETR) derived from RLCs and steady state light
curves (SSLCs) where rETR = PAR x quantum yield of
PSII.

After oxygen levels again reached steady-state, a sudden
and short (2-3 s) light—dark shift was applied to measure
the gross photosynthesis rate (P,). Briefly, the light—dark
shift technique is based on the assumption that the immedi-
ate O, depletion following the light—dark shift is equal to
the gross photosynthetic O, production during the previous
light period [see more details in Revsbech and Jgrgensen
(1983)]. Using this technique and taking advantage of the
small sensor size along with the low stirring sensitivity and
fast response time of the O, microelectrode, enabled us to
measure of gross photosynthesis rate in nmol cm ™ s~ ! at
~100 pm spatial resolution, i.e. at a scale smaller than a

single polyp.
Curve fitting

The numerical functions described by Platt et al. (1980)
were fitted to rETR versus irradiance (both RLC- and
SSLC-derived) and P, versus irradiance data derived from
steady-state measurements. From fitted curves the descrip-
tive parameters of chlorophyll a fluorescence: maximum
rETR (rETR,,,,), initial slope (o), and minimum saturating
irradiance (Eyg) and O,: maximum P, (Py,,,), initial slope
(ocpg) and minimum saturating irradiance (Ekpg) were col-
lected. Fitted curves were derived from the empirical data
(Sigmaplot v6.1 [Systat, USA]). For further details see
Kiihl et al. (2001) and Ralph et al. (2002).

Statistical analysis

Polyp samples were grouped together according to (1) their
orientation towards light, and (2) the presence or absence of
clade A. There were ten sun-adapted polyps, seven shade-
adapted polyps, 12 polyps that harboured clades A + C and,
finally, five polyps that only harboured clade C. The
unequal sample size meant that the physiological data were
analysed using the non-parametric Mann—Whitney U test to
detect differences between sun- and shade-adapted polyps
and polyps with clades A + C versus clade C, respectively.
Significant differences were accepted at P < 0.05. Differ-
ences in quantitative parameters (trETR,,,,, o and Ey) of
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chlorophyll a fluorescence-derived curves (both RLCs and
SSLCs) for each group were analysed using repeated mea-
sures ANOVA. Box’s test of equality of covariance matri-
ces was used to test the homogeneity of variances across
groups, and data were log transformed where necessary. All
data complied with the assumption of sphericity. Post-hoc
comparisons of means for significant factors were carried
out using Tukey’s HSD tests. All analyses were performed
with STATISTICA v 7.1 (SysSoft Inc., USA).

Results
Genetic composition and distribution of Symbiodinium

The presence and relative dominance of zooxanthella types
found in single polyps across an individual colony of
A. valida is shown in Table 1. Seven out of ten sun-adapted
and five out of seven shade-adapted polyps harboured
clades A [GenBank Accession # AF380513, as determined
in Ulstrup et al. (2006a)] and C simultaneously. However, a
larger fraction of the sun-adapted (50%) than of the shade-
adapted polyps (29%) were dominated by clade A. The rel-
ative dominance of clade C (either C1 or C2 sensu van
Oppen et al. 2001) was higher in shade-adapted (71%) than
in sun-adapted polyps (50%) with C1 being dominant in
one polyp and C2 in 4 polyps in both sun- and shade-
adapted polyps, respectively (Table 1). The qPCR assay
showed no amplification of clade A in the five samples that
had been observed only to have clade C using SSCP.

Photo-physiology of individual polyps with contrasting
branch orientation and symbiont composition: steady-state
light curves

The O, concentration reached at 1,100 umol photons m 25!
showed no significant difference (Mann—Whitney U) between
sun- and shade-adapted polyps (Fig. la). In contrast,
polyps that harboured a combination of Symbiodinium
clades A and C showed significantly higher O, concen-
tration (P =0.002, Mann—Whitney U) at 1,100 pmol

Table 1 Observed SSCP genotype frequencies (n) of clade A, C1, and
C2 (fy, fc1 and fg,, respectively) are shown as well as their relative
proportion (%) to total samples of either sun- or shade-adapted polyps

Sun-adapted (n = 10) Shade-adapted (n = 7)

Ia fei fe fa fei Jez
N 7(5) 5(1) 9(4) 5(2) 5(1) 7(4)
%  70(50)  50(10)  90(40)  71(29) 71(14)  100(57)

Bolded values denote the number (or proportion) of polyps in which a
given type was dominant
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Fig.1 a-b Steady-state light curves of O, concentration
(pmol 17" & SE at the surface of a individual sun- (open circle) and
shade-adapted (filled circle) polyps, b clade A + C (open circle) and
clade C polyps (filled circle) of A. valida. The horizontal line indicates
the level of the air-saturation at the surface of the coral
(230.9 pmol 171 and the vertical arrows indicate the compensation
irradiance, E_, estimate. Asterisks indicates significant difference
(P =0.002)

photons m~2s~! than polyps that only contained clade C
(Fig. 1b). Differences in compensation irradiance, E, were
not statistically tested. However, the difference in mean E,
was greater between polyps with clade C symbionts and
those that harboured clade A and C symbionts simulta-
neously than between sun- and shade-adapted polyps
(Fig. 1b).

The fluorescence-based steady-state rETR versus irradi-
ance curve showed no difference in maximum rETR, oy, or
E,+ (Mann—Whitney U) between sun- and shade-adapted
polyps (Table 2a). Comparisons of quantitative parameters
derived from O,-based gross photosynthesis rate (P,) ver-
sus irradiance curves (Py,,, o, Eyp,) also did not yield
any differences between these groups (Mann—Whitney U)
(Table 2a). The quantitative parameters of the rETR curve
(ETR,,, o E,p) were not significantly different between
polyps harbouring clades A + C versus those that only har-
boured clade C (Mann—Whitney U) (Table 2b). However,

Table 2 Quantitative parameters derived from fitted steady-state
relative electron transport rates (rETR) and O, curves of individual
polyps of A. valida

(a) Sun-adapted Shade-adapted P value
(n=10) (n=17)
tETR 85+ 13° 75 £ 12%0¢ 0.380
o 0.99 £ 0.09* 1.00 £ 0.12° 0.961
Ey 92 + 18*b 81+ 13 0.922
Py 30+7 3144 0.495
Opg 0.22 £ 0.06 0.33 £ 0.08 0.172
Eypg 160 + 32 122 4 26 0.205
(b) A+C(n=12) C(n=5) P value
tETR, 86 & 12° 69 + 9*° 0.527
o 0.98 +0.07° 1.03 +£0.18* 0.598
By 91 £ 15%P 78 £ 18 0.527
Pg, . 3245 25+7 0.598
Opg 0.21 £ 0.04 0.41+0.13 0.246
Eypg 172 + 25 81 +21 0.073

Chlorophyll a fluorescence, tETR,, (a.u), o E (umol photons
m~2s7Y); 0, Pg,, (mmolcm™3s7h), tpg: Eypy (Hmol photons
m~2s71). (a) sun- and shade-adapted comparison, (b) clade A + C and
clade C comparison. Sample size (n) averages and standard errors are
given. Tukey’s HSD comparison of chlorophyll a fluorescence parameters
with those of RLC are given as superscript letters

there was a trend (P = 0.079, Mann—Whitney U) towards a
higher E,p, in gross photosynthesis rate versus irradiance
curves between polyps harbouring clades A + C versus
clade C (Table 2b).

In all groups, P, continued unchanged or rose even fur-
ther at intermediate irradiance >200 pmol photons m~>2 s’l,
whereas rETR became inhibited at irradiance >200 pmol
photons m~2 s~ for all groups except for polyps harbour-
ing only clade C where rETR started to become inhibited at
irradiance <200 pmol photons m~2s~! (Fig. 2a—d). Irre-
spective of group, there was no clear correlation between P,
and rETR at moderate to high irradiances (Fig. 2).

Rapid light curves

Relative ETR,,,, o and E;; calculated for each RLC fitted
to the hyperbolic tangent function of Platt etal. (1980)
yielded no significant difference between sun- and shade-
adapted polyps (Table 3a) or between polyps that har-
boured clades A + C versus those that only harboured clade
C (Mann—Whitney U) (Table 3b).

The rETR,,,, of the SSLCs was lower than of the RLCs
conducted at 50, 100, 170 and 240 pmol photons m2s!
(F=4.344, P <0.001, mANOVA) irrespective of previous
light exposure of sun-adapted polyps (Tables 2a, 3a). The
initial slope, o, declined in RLCs obtained at 1,100 pmol
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Fig. 2 a-d Steady-state relative
electron transport rate (rETR)
(filled circle) and gross
photosynthesis rate (white bars) : i
as a function of increasing i/
irradiance (umol photons

m~2 s") of individual polyps of
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photons m~2s~! (F=11.058, P<0.001, rmANOVA).
Minimum saturating irradiance (E,;) was significantly
lower for RLCs obtained at 25 pmol photons m~2s~! than
at 470 and 1,100 umol photons m~2s~! (F=3.294,
P =0.029, rmANOVA) (Table 3a). Relative ETR_,, for
shade-adapted polyps was lower at 1,100 umol photons
m2s~! than at any other irradiance (F=11.998,
P <0.001, rmANOVA) (Table 3a). The initial slope, o,
obtained 1,100 pmol photons m~2s~! was also signifi-
cantly reduced compared to o obtained at all other irradi-
ances (F=7.515, P<0.001, rmANOVA) including the
SSLC (Tables 2a, 3a).

Relative ETR,,, for polyps that harboured a mix of
clade A + C was reduced in rapid light curves conducted
at 1,100 pmol photons m~2s™! (F=7.941, P <0.001,
rmANOVA, Table 3b). The initial slope, o, became reduced
in RLCs carried out 470 pmol photons m~2 s~ (F = 13.103,
P <0.001, rmANOVA) (Table 3b), whereas E,; increased
only in the RLC obtained at 470 pmol photons m~2s~!
(F=2.797, P <0.009, rmANOVA) (Table 3b). In polyps
that harboured only clade C, RLCs obtained at 470 and
1,100 pmol photons m~>s~! were significantly reduced
(F=5.600, P<0.001, rmANOVA), whereas o became
reduced (F =4.350, P < 0.001, rmANOVA) in RLCs obtained

at irradiances >240 pmol photons m~2 s~ (Tables 2b, 3b).

Discussion
Relative occurrence of clade A

Zooxanthellae belonging to clade C are the most commonly
observed types world-wide (LaJeunesse 2001; LaJeunesse
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et al. 2003), whereas members of clade A are generally rare
in the Indo-Pacific and an association between Symbiodi-
nium clade A and Indo-Pacific A. valida has not been
reported previously. However, Visram and Douglas (2006)
observed two A. valida colonies from the West Indian
Ocean that harboured a mixed symbiont community of
clades A and C and two colonies in which only clade A was
detected.

Colonies of A. valida harbouring a mixed zooxanthella
community have been found in other parts of the Great Bar-
rier Reef (clades C and D, Ulstrup and van Oppen 2003)
suggesting that the symbiotic relationship of A. valida is
flexible and may therefore be shuffled (sensu Baker 2003).
Symbiodinium clade D was found to co-occur with clade C
in A. valida on inshore reefs generally known for higher
light attenuation and temperature than offshore reefs
(Berkelmans 2002) such as Heron Island, which is located
80 km from the coast at the cooler southern end of the
Great Barrier Reef. The difference in Symbiodinium clades
harboured by A. valida at different locations may therefore
be related to different light and temperature optima.

There was no clear pattern in the presence of clade A
versus C within individual polyps across the colony in rela-
tion to their orientation towards light. Thus, both clades
were detected in sun- as well as in shade-adapted polyps.
However, clade A was relatively more dominant in sun-
(50%) than in shade-adapted polyps (29%) indicating
opportunistic proliferation in sun-exposed tips, possibly
due to competition with less adapted clade C symbionts. To
support the notion of high light-preference of Symbiodi-
nium clade A, several coral species in the Caribbean have
been shown to contain clade A in shallow but not in deep
conspecifics (Rowan et al. 1997; Baker 2001; Toller et al.
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Table 3 Quantitative parameters [TETR

tron transport rates (rETR)

max

(a.u), «, E, (umol photons m~2 s~")] of RLCs at different irradiances derived from fitted relative elec-

(a) rETR .« o E,
Light Sun-adapted Shade-adapted P value Sun-adapted  Shade-adapted P value Sun-adapted Shade-adapted P value
intensity (MW) (MW) (MW)
0 74 £ 1280 51 4£7¢ 0203  0.77+0.07** 0.70+0.08° 0418 101 £20%° 7547 0.355
25 63 4+ 10°° 64 4 10%0¢ 0.770  0.89+£0.08* 0.85+0.09° 0495 76+ 10 81412 0.845
50 75 £+ 9° 76 £ 9be 0922  093+£0.09" 088+0.07* 0626 83+10* 86+7 1
100 83 £ 10° 84 + 12° 0.845  0.86£0.08" 0.85+0.03" 0435 97+ 9 98 + 12 0.770
170 81+ 11° 81 + 12*° 0.626  0.82+0.07* 0.85+0.06° 0922 95+10* 95411 0.922
240 82 + 15° 79 £ 154 0922  0.67=+£0.07** 079+0.11° 0380 124 +£20*° 111424 0.696
470 70 £ 15*° 56 4 10°¢ 0.874 047 £0.07"° 0.67+0.11* 0125 182+48 88+13 0.223
1100 34 £+ 7° 24 + 84 0.367  0.3240.07° 0234+0.06° 0491 146 +£30° 88425 0.222
P value P<0.001 P<0.001 P < 0.001 P <0.001 P=0.029 P=0453
(rmANOVA)
(b) tETR,,. o E,
Light A+C C Pvalue A+C C Pvaluee A+C C P value
intensity (MW) (MW) MW)
0 64 + 9 61 £ 13*°¢  0.624 0.69 £0.05*  0.834+0.13*  0.066 94416~  76+12  0.713
25 60 =+ 8° 734+ 124> 0.399 0.88 £0.08*"  0.85+0.12*  0.833 75 + 10° 87+£10  0.292
50 74 + 8 80 + 14° 0.673 0.89 £0.07**  0.96+0.09*  0.343 84 £ 9P 84+38 0.752
100 84 £ 9° 82+0.18* 1 0.81 £0.06* 096+ 0.06*  0.092 103 £8%  84+12  0.114
170 81 £10° 80+ 12° 1 0.80 £0.06*®  0.9240.05*  0.140 98 4 9P 87+12 0461
240 85+ 14* 69+ 12**  0.598 0.70 £ 0.07**¢  0.76 £ 0.13*®> 0916 122+ 16  111+£34  0.598
470 734+ 13* 43 4 4b¢ 0.126 0.51 £0.07°¢  0.65+0.15* 0.462 171439 74+£10  0.079
1100 274+ 7° 37 £ 3¢ 0.609 0.29 £ 0.07¢ 0.25+0.03* 0955 101 £24* 164 +36  0.233
P value P<0.001 P <0.001 P <0.001 P <0.001 P<0.009 P=0.168
(rmANOVA)

Averages and standard errors are given as well as P value for Mann—Whitney U test (MW). (a) sun- and shade-adapted comparison, (b) clade A + C
and clade C comparison. P value (repeated measures ANOVA) and Tukey’s HSD comparisons of RLCs at different irradiances are given as super-
script letters and are comparable to those given for SSLCs in Table 2. Significant P values are bolded

2001). Likewise, possible microscale changes in irradiance
across a colony during growth may drive a continuous
shuffling of mixed Symbiodinium communities to partition
clades into specific light microhabitats. In this case, as pol-
yps bud at the apex of a young colony, older polyps are
likely to become more shaded which may coincide with a
shift in the Symbiodinium type predominance in the symbi-
ont community.

Photo-physiology of individual polyps with contrasting
orientation and symbiont composition

The significant differentiation observed in O, concentration
at 1,100 umol photons m s~ ! and dark O, concentration
between polyps which harboured clade C only and clades
A + C simultaneously suggest higher metabolic activity of
respiration and photosynthesis in polyps harbouring both
clades A + C. The latter is also confirmed by the steady-

state TETR curves which saturated at lower irradiances
<200 pmol photons m~2s~! for polyps containing only
clade C suggesting adaptation to relatively lower irradi-
ances (Table 2b).

The occurrence of clade A in polyps may therefore influ-
ence the light-tolerance of corals at a small spatial scale.
This corresponds with the fact that clade A was found to be
dominant in half of the sun-adapted polyps whereas only
29% of shade-adapted polyps were dominated by clade A
(Table 1). The effective PAR levels for downward-facing,
shaded polyps in situ are likely to be greater, e.g. due to the
high reflectance of coral sands in shallow waters, than esti-
mated E., Ey and E,p, values which did not exceed
200 pmol photons m~2 s~ !. Shaded polyps may thus have
been adapted to relatively high irradiances which may have
resulted in the presence of clade A.

The statistical analyses did not detect any differences
between polyps that harboured clades A + C versus those
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that only harboured clade C for dark-acclimated O, concen-
tration, TETR and Pg curves versus irradiance. This was
most likely due to a lack of statistical power and it is proba-
ble that a greater sampling intensity could have resolved the
trends observed.

Chlorophyll a fluorescence versus gross photosynthesis
rate: technical considerations

While every method has its limitations, the use of micro-
sensors clearly permit minimally invasive mapping of oxy-
gen and photosynthesis activity at the intra-polyp scale with
a minimal bias between measurements. Oxygen microsen-
sors exhibit negligible O, consumption and a fast response
time enabling the accurate measurements of microenviron-
ments and spatio-temporal oxygen dynamics. Fiber-optic
microscale measurements of PSII activity enable intra-
polyp measurements and allow separate mapping of activ-
ity, e.g. in coenosarc and polyp tissue (Ralph et al. 2002),
which is impossible with larger sensors.

In contrast to the high gross photosynthesis rates
observed at high irradiances >200 pmol photons m~2s~!,
rETR showed a substantial decline over the course of the
steady-state light curve, suggesting dynamic photo-inhibi-
tion (Gorbunov et al. 2001) (Fig. 2a—d). Disparate curve
shapes for rETR and P, have been shown previously for
corals (Ulstrup et al. 2006b) who suggested that cyclic PSII
electron flow was partially responsible for the observed
non-linearity (Franklin and Badger 2001; Lavaud et al.
2002; Longstaff et al. 2002).

Measuring properties of the two sensors used here may
also contribute to the different responses observed. The
microfibre sensor measures chlorophyll a fluorescence
immediately adjacent to the fibre tip (Schreiber et al. 1996),
whereas the gross photosynthesis measurement using the
O, microsensor has a spatial resolution of ~100 pm (Rev-
sbech and Jgrgensen 1983). This may result in underesti-
mating the gross photosynthesis rate of zooxanthellae in
deeper tissue, which are likely to be more shaded than the
zooxanthellae in the top layers. In addition, measurement
performed with a fibre-optic probe may be affected by the
optical properties of the tissue, i.e. the balance between
absorption and multiple scattering, which is likely to be
different between sun and shade-adapted polyps (Kiihl et al.
1995; Enriquez et al. 2005) resulting in a potential differ-
ence in spatial resolution.

Influence of light history on capacity for photo-acclimation
At high irradiances, the quantitative parameters of SSLCs
were different from RLCs. At low to moderate irradiances,

RLCs performed similar to SSLCs. This is in contrast to
Ulstrup et al. (2007) who found that dark-acclimated RLCs
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were significantly reduced compared to SSLCs suggesting
that if zooxanthellae are allowed to acclimatise for an
extended period of time to each irradiance level, their pho-
tosynthetic performance yields higher rETR values. The
contrasting results indicate that zooxanthellae may have
widely different abilities and mechanisms of photo-accli-
mation at various time scales, which may have implications
for the decline of health of corals during bleaching condi-
tions when the light levels experienced by zooxanthellae
are exacerbated due to paling of coral tissue (Enriquez et al.
2005).

In summary, this study elucidates some of the causes of
heterogeneous photo-acclimatisation at the scale of single
polyps within an A. valida colony. We conclude that the
light climate (branch orientation) experienced by the sym-
biont communities in individual polyps may not be the only
factor responsible for small scale variations in photosyn-
thetic capacities, but that light preference, and therefore
photosynthetic capacity, of Symbiodinium differs between
the members of clades A and C studied here. It remains to
be experimentally determined whether specific Symbiodi-
nium types in mixed communities perform differently in
response to synergistic effects of temperature and light.
Such studies would provide new insight into the acclimati-
sation and adaptation to climate change potentially facili-
tated through shuffling of mixed symbiont communities.

Acknowledgments The authors would like to thank staff of Heron
Island Research Station for facilitating scientific investigations. A Sig-
ma Xi Grant-in-Aid of Research and the Winifred Violet Scott Foun-
dation supported KEU. MvO was supported by Australian Institute of
Marine Science, MK by the Danish Natural Science Research Council,
and PJR by the Australian Research Council. Anni Glud manufactured
microsensors used in this study. This work was conducted under
GBRMPA permit no. G04/12776.1.

References

Baker AC (2001) Reef corals bleach to survive change. Nature
411:765-766

Baker AC (2003) Flexibility and specificity in coral-algal symbiosis:
diversity, ecology, and biogeography of Symbiodinium. Annu
Rev Ecol Evol Syst 34:661-689

Berkelmans R (2002) Time-integrated thermal bleaching thresholds of
reefs and their variation on the Great Barrier Reef. Mar Ecol Prog
Ser 229:73-82

Berkelmans R, van Oppen MJH (2006) The role of zooxanthellae in
the thermal tolerance of corals: a ‘nugget of hope’ for coral reefs
in an era of climate change. Proc R Soc Lond B Biol Sci
273:2305-2312

Bhagooli R, Hidaka M (2003) Comparison of stress susceptibility of
in hospite and isolated zooxanthellae among five coral species.
J Exp Mar Biol Ecol 291:181-197

Chang SS, Prezelin BB, Trench RK (1983) Mechanisms of photoadap-
tion in three strains of the symbiotic dinoflagellate Symbiodinium
microadriaticum. Mar Biol 76:219-229

Coffroth MA, Santos SR (2005) Genetic diversity of symbiotic dinofla-
gellates in the genus Symbiodinium. Protist 156:19-34



Mar Biol (2007) 153:225-234

233

De Beer D, Kiihl M, Stambler N, Vaki L (2000) A microsensor study
of light enhanced Ca2+ uptake and photo-synthesis in the reef-
building coral Favia sp. Mar Ecol Prog Ser 194:75-85

Enriquez S, Mendez ER, Iglesias-Prieto R (2005) Multiple scattering
on coral skeletons enhances light absorption by symbiotic algae.
Limnol Oceanogr 50:1025-1032

Fabricius KE, Mieog JC, Colin PL, Idip D, van Oppen MJH (2004)
Identity and diversity of coral endosymbionts (zooxanthellae)
from three Palauan reefs with contrasting bleaching, temperature
and shading histories. Mol Ecol 13:2445-2458

Falkowski PG, Dubinsky Z (1981) Light-shade adaptation of Stylopho-
ra pistillata, a hermatypic coral from the Gulf of Eilat. Nature
289:172-174

Franklin LA, Badger MR (2001) A comparison of photosynthetic elec-
tron transport rates in macroalgae measured by pulse amplitude
modulated chlorophyll fluorometry and mass spectrometry. J
Phycol 37:756-767

Gates RD, Bil KY, Muscatine L (1999) The influence of an anthozoan
‘host factor’ on the physiology of a symbiotic dinoflagellate.
J Exp Mar Biol Ecol 232:241-259

Gates RD, Hoegh-Guldberg O, McFall-Ngai MJ, Bil K, Muscatine L
(1995) Free amino acids exhibit anthozoan ‘host factor’ activity:
they induce the release of photosynthates from symbiotic dinofla-
gellates in vitro. Proc Natl Acad Sci USA 92:7434

Gladfelter EH, Michel G, Sanfelici A (1989) Metabolic gradients along
a branch of the reef coral Acropora palmata. Bull Mar Sci
44:1166-1173

Glynn PW, Mate JL, Baker AC (2001) Coral bleaching and mortality
in Panama and Equador during the 1997-1998 El Nino-Southern
Oscillation event: Spatial/temporal patterns and comparisons with
the 1982-1983 event. Bull Mar Sci 69:79-109

Gorbunov MY, Koler ZS, Lesser MP, Falkowski PG (2001) Photosyn-
thesis and photoprotection in symbiotic corals. Limnol Oceanogr
46:75-85

Goulet TL (2006) Most corals may not change their symbionts. Mar
Ecol Prog Ser 321:1-7

Grant AJ, Remond M, People J, Hinde R (1997) Effects of host-tissue
homogenate of the scleractinian coral Plesiastrea versipora on
glycerol metabolism in isolated symbiotic dinoflagellates. Mar
Biol 128:665-670

Hill R, Schreiber U, Gademann R, Larkum AWD, Kiihl M, Ralph PJ
(2004) Spatial heterogeneity of photosynthesis and the effect
of temperature-induced bleaching conditions in three species of
coral. Mar Biol 144:633-640

Iglesias-Prieto R, Trench RK (1994) Acclimation and adaptation to
irradiance in symbiotic dinoflagellates. I. Responses of the photo-
synthetic unit to changes in photon flux density. Mar Ecol Prog
Ser 113:163-175

Iglesias-Prieto R, Beltran VH, LaJeunesse TC, Reyes-Bonilla H,
Thomé PE (2004) Different algal symbionts explain the vertical
distribution of dominant reef corals in the eastern Pacific. Proc R
Soc Lond B 271:1757-1763

Jones RJ, Hoegh-Guldberg O, Larkum AWD, Schreiber U (1998)
Temperature-induced bleaching of corals begins with impairment
of the CO, mechanism in zooxanthellae. Plant Cell Environ
21:1219-1230

Kiihl M (2005) Optical microsensors for analysis of microbial commu-
nities. Meth Enzymol 397:166-199

Kiihl M, Cohen Y, Dalsgaard T, Jgrgensen BB, Revsbech NP (1995)
Microenvironment and photosynthesis of zooxanthellae in scle-
ractinian corals studies with microsensors for O,, pH and light.
Mar Ecol Prog Ser 117:159-172

Kiihl M, Glud RN, Borum J, Roberts R, Rysgaard S (2001) Photosyn-
thetic performance of surface associated algae below sea ice as
measured with a pulse amplitude modulated (PAM) fluorometer
and O, microsensors. Mar Ecol Prog Ser 223:1-14

LaJeunesse TC (2001) Investigating the biodiversity, ecology, and
phylogeny of endosymbiotic dinoflagellates in the genus Symbi-
odinium using the ITS region: in search of a ‘species’ level mark-
er. J Phycol 377:886-880

LaJeunesse TC, Loh WKW, van Woesik R (2003) Low symbiont
diversity in southern Great Barrier Reef corals, relative to those of
the Caribbean. Limnol Oceanogr 48:2046-2054

Lavaud J, van Gorkom H, Etienne A (2002) Photosystem II electron
transfer cycle and chlororespiration in planktonic diatoms. Photo-
synth Res 74:51-59

Little AF, van Oppen MJH, Willis BL (2004) Flexibility in algal endo-
symbioses shapes growth in reef corals. Science 304:1492-1494

Longstaff BJ, Kildea T, Runcie JW, Cheshire A, Dennison WC, Hurd
C, Kana T, Raven JA, Larkum AWD (2002) An in situ study of
photosynthetic oxygen exchange and electron transport rate in the
marine macroalga Ulva lactuca (Chlorophyta). Photosynth Res
74:281-293

Mieog JC, van Oppen MJH, Cantin NE, Stam WT, Olsen JL (2007)
Real-time PCR reveals a high incidence of Symbiodinium clade D
at low levels in four scleractinian corals across the Great Barrier
Reef: implications for symbiont shuffling. Coral Reefs (DOI
10.1007/s00338-007-0244-8)

Muscatine L (1990) The role of symbiotic algae in carbon and energy
flux in reef corals. In: Dubinsky Z (ed) Ecosystems of the World
25: coral reefs. Elsevier, Amsterdam, pp 75-87

Platt T, Gallegos CL, Harrison WG (1980) Photoinhibition of photo-
synthesis in natural assemblages of marine phytoplankton. J] Mar
Res 38:687-701

Porter JW, Muscatine L, Dubinsky Z, Falkowski PG (1984) Primary
production and photoadaptation in light and shade-adapted colo-
nies of the symbiotic coral, Stylophora pistillata. Proc R Soc
Lond B 222:161-180

Ralph PJ, Gademann R (2005) Rapid light curves: a powerful tool for
the assessment of photosynthetic activity. Aquat Bot 82:222-237

Ralph PJ, Gademann R, Larkum AWD, Kiihl M (2002) Spatial heter-
ogeneity in active chlorophyll fluorescence and PSII activity of
coral tissues. Mar Biol 141:639-646

Ralph PJ, Schreiber U, Gademann R, Kiihl M, Larkum AWD (2005)
Coral photobiology studied with a new imaging pulse amplitude
modulated fluorometer. J Phycol 41:335-342

Revsbech NP, Jgrgensen BB (1983) Photosynthesis of benthic micro-
flora measured with high spatial resolution by the oxygen micro-
profile method: capabilities and limitations of the method. Limnol
Oceanogr 28:749-756

Robison JD, Warner ME (2006) Differential impacts of photoacclima-
tion and thermal stress on the photobiology of four different phyl-
otypes of Symbiodinium (Pyrrhophyta). J Phycol 42:568-579

Rowan R, Knowlton N, Baker AC, Jara J (1997) Landscape ecology of
algal symbionts creates variation in episodes of coral bleaching.
Nature 388:265-269

Savage AM, Trapido-Rosenthal H, Douglas AE (2002) On the func-
tional significant of molecular variation in Symbiodinium, the
symbiotic algae of Cnidaria: photosynthetic responses to irradi-
ance. Mar Ecol Prog Ser 244:27-37

Schreiber U (2004) Pulse—amplitude-modulation (PAM) fluorometry
and saturation pulse method: an overview. In: Papageorgiou GC,
Govindjee (eds) Chlorophyll fluorescence: a signature of photo-
synthesis. Kluwer Academic Publishers, Dordrecht, pp 279-319

Schreiber U, Kiihl M, Klimant I, Reising H (1996) Measurement of
chlorophyll fluorescence within leaves using a modified PAM
fluorometer with a fiber-optic microprobe. Photosynth Res
47:103-109

Thornhill DJ, LaJeunesse TC, Kemp DW, Fitt WK, Schmidt DW
(2006) Multi-year, seasonal genotypic surveys of coral-algal
symbioses reveal prevalent stability or post-bleaching reversion.
Mar Biol 148:711-722

@ Springer



234

Mar Biol (2007) 153:225-234

Toller WW, Rowan R, Knowlton N (2001) Zooxanthellae of the Mon-
tastraea annularis species complex: patterns of distribution of
four taxa of Symbiodinium on different reefs and across depths.
Biol Bull 201:348-359

Ulstrup KE, van Oppen MJH (2003) Geographic and habitat partition-
ing of genetically distinct zooxanthellae (Symbiodinium) in
Acropora corals on the Great Barrier Reef. Mol Ecol 12:3477—
3484

Ulstrup KE, Berkelmans R, Ralph PJ, van Oppen MJH (2006a) Varia-
tion in bleaching sensitivity of two coral species across a latitudi-
nal gradient on the Great Barrier Reef: the role of zooxanthellae.
Mar Ecol Prog Ser 314:135-148

Ulstrup KE, Ralph PJ, Larkum AWD, Kiihl M (2006b) Intra-colonial
variability in light acclimation of zooxanthellae in coral tissues of
Pocillopora damicornis. Mar Biol 149:1325-1335

Ulstrup KE, Kiihl M, Bourne D (2007) Zooxanthellae harvested by
ciliates associated with brown band syndrome of corals remain

@ Springer

photosynthetically competent. Appl Environ Microbiol 73:1968—
1975

van Oppen M, Palstra FP, Piquet AMT, Miller DJ (2001) Patterns
of coral dinoflagellate associations in Acropora: significance of
local availability and physiology of Symbiodinium strains and
host—symbiont selectivity. Proc R Soc Lond B 268:1759-1767

van Oppen MJH, Mahiny AJ, Done TJ (2005) Geographic distribution
of zooxanthella types in three coral species on the Great Barrier
Reef sampled after the 2002 bleaching event. Coral Reefs
24:482-487

Visram S, Douglas AE (2006) Molecular diversity of symbiotic algae
(zooxanthellae) in scleractinian corals of Kenya. Coral Reefs
25:172-176

Warner ME, Laleunesse TC, Robison JD, Thur RM (2006) The eco-
logical distribution and comparative photobiology of symbiotic
dinoflagellates from reef corals in Belize: potential implications
for coral bleaching. Limnol Oceanogr 51:1887-1897



	Inter-polyp genetic and physiological characterisation of Symbiodinium in an Acropora valida colony
	Abstract
	Introduction
	Materials and methods
	DNA extraction and assessment of zooxanthella diversity
	Experimental setup
	Measuring sequence
	Curve Wtting
	Statistical analysis

	Results
	Genetic composition and distribution of Symbiodinium
	Photo-physiology of individual polyps with contrasting branch orientation and symbiont composition: steady-state light curves
	Rapid light curves

	Discussion
	Relative occurrence of clade A
	Photo-physiology of individual polyps with contrasting orientation and symbiont composition
	Chlorophyll a Xuorescence versus gross photosynthesis rate: technical considerations
	InXuence of light history on capacity for photo-acclimation

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


