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Abstract Although the importance of anthozoan-
dinoflagellate (genus Symbiodinium) endosymbioses in the
establishment of coral reef ecosystems is evident, little is
known about the molecular regulation of photosynthesis in
the intra-gastrodermal symbiont communities, particularly
with respect to the rate-limiting Calvin cycle enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco).
In this study, we analyzed rubisco mRNA (rbcL) and protein
(RBCL) concentrations over the diel cycle in both cultured
and endosymbiotic Symbiodinium samples. In the former, rbcL
expression increased upon illumination and decreased during
the dark, a pattern that was upheld under continual dark
incubation. A different trend in rbcL expression was observed
in endosymbiotic Symbiodinium residing within sea anemone
(Aiptasia pulchella) tissues, in which illumination gradually
led to decreased rbcL mRNA expression. Unexpectedly,
RBCL protein expression did not vary over time within anem-
one tissues, and in neither cultured nor endosymbiotic samples

was a correlation between gene and protein expression docu-
mented. It appears, then, that photoperiod, lifestyle, and post-
transcriptional regulation are all important drivers of RBCL
expression in this ecologically important dinoflagellate.
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Introduction

Cnidarian-dinoflagellate symbioses are prevalent in many
tropical marine ecosystems due to the photosynthetic activity
of Symbiodinium, which translocate up to 95 % of the organic
carbon they fix to their hosts (Muscatine 1990; Davies 1993).
Symbiodinium photosynthesis is influenced by a variety of
environmental factors, such as temperature, pCO2, and, most
importantly, light (Levy et al. 2004, 2006). Dinoflagellates of
this genus possess the ability to photoacclimatize to different
light regimes through a variety of mechanisms including
alteration of pigment concentrations and cell densities
(Porter et al. 1984). Gene and protein expressions represent
subcellular means by which Symbiodinium may adjust their
rates of photosynthesis in response to environmental change,
such as the transition from day to night (Jones and Hoegh-
Guldberg 2001; Levy et al. 2011). However, the expression of
the underlying macromolecules, including the rate-limiting
enzyme of the Calvin cycle, ribulose-1,5-bisphosphate
carboxylase/oxygenase (rubisco), has not been assessed in
Symbiodinium over diel cycles or in response to their lifestyle,
which can also involve free-living stages.

Despite their importance in carbon fixation, little is known
about the function of dinoflagellate rubiscos due to their
exceptionally short in vitro half-life, which has been shown
to be 10 min at 10 °C (Whitney and Yellowlees 1995;
Whitney and Andrews 1998; Lilley et al. 2010). That being
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said, dinoflagellate rubiscos have been shown to be less able
to discriminate between CO2 and O2 (Jordan and Ogren 1981;
Morse et al. 1995; Whitney et al. 1995). Thus, maintenance of
high internal pCO2 in dinoflagellate cells is assumed to be
necessary to allow the carboxylation reaction to proceed at a
sufficient rate (Badger et al. 1998). To achieve this elevated
intracellular pCO2, many dinoflagellates, including
Symbiodinium, possess an inorganic carbon-concentrating
mechanism (Leggat et al. 1999).

In many plants and algae, the transcription rates of genes
encoding proteins involved in CO2 fixation are influenced by
environmental cues, such as irradiation (Hobson et al. 1985;
Pichard et al. 1996; Xu and Tabita 1996; Wyman et al. 1998).
The protein levels of Calvin cycle enzymes are also regulated
at the posttranscriptional and translational levels (Mayfield
et al. 1995). A previous review (Paul and Pichard 1998) found
that rbcLmRNA expression is highly correlated with rubisco
activity in a variety of taxa, including cyanobacteria, algae,
and some higher plants, and although regulation of rubisco
has also been studied in certain dinoflagellate (Nassoury et al.
2001; Zhang and Lin 2003; Hollnagel et al. 2010) and phyto-
plankton communities (Pichard and Paul 1993; Pichard et al.
1997), elucidation of the molecular control of carbon fixation
in marine microbes is still far from complete. Similarly, we
have yet to discern even the most basic means of molecular
regulation of photosynthesis and carbon fixation in
Symbiodinium (Leggat et al. 2004), a knowledge gap that
currently hinders our understanding of the complex, dual
compartment metabolism of anthozoan-dinoflagellate endo-
symbioses (Mayfield and Gates 2007).

Herein, we sought to document temporal variation in
rubisco mRNA and protein (RBCL) concentrations in both
cultured and endosymbiotic Symbiodinium under a variety of
light regimes in order to gain insight into the molecular
regulation of carbon fixation in this dinoflagellate. First,
semi-quantitative reverse transcription PCR (SQ-RT-PCR)
was used to document sampling times and light regimes
characterized by differences in rbcL expression. Then, real-
time PCR and western blotting were used to confirm SQ-RT-
PCR-documented changes at the gene and protein levels,
respectively. We hypothesized that a circadian rhythm of
rbcL/RBCL expression exists in Symbiodinium, whereby cy-
clical expression trends may exist even in cells exposed to
constant darkness. We also hypothesized that Symbiodinium
residing within anemone gastrodermal cells would demon-
strate rbcL/RBCL expression patterns different from those
observed in the free-living environment. Finally, we sought
to understandwhether there is a correlation between rbcLgene
and RBCL protein expression. Collectively, we hoped to more
comprehensively understand the relative importance of both
light and lifestyle (free-living vs. endosymbiotic) on the ex-
pression of this critically important molecule with a model
anemone-dinoflagellate system.

Materials and Methods

Culturing of Sea Anemones and Symbiodinium

Specimens of the sea anemone Aiptasia pulchella were ob-
tained from the husbandry facility of the National Museum of
Marine Biology and Aquarium (NMMBA) and fed with
Artemia sp. twice weekly. Isolation of Symbiodinium cells
from anemone tissues and subsequent establishment of
Symbiodinium cultures were performed as in Wang et al.
(2008). Twelve Symbiodinium cultures derived from 12 clonal
lines of A. pulchellawere grown in 2 %Guillard’s f/2 medium
(Sigma, MO, USA) in 0.22 μm syringe-filtered artificial sea-
water (ASW; 420 mMNaCl, 26 mMMgSO4, 23 mMMgCl2,
9 mM KCl, 9 mM CaCl2, 2 mM NaHCO3, 10 mM HEPES,
pH 8.2) containing 100 U ml−1 penicillin and 100 μg ml−1

streptomycin under 20 W cool white fluorescent lights (FL
20 L-Ex118; Taiwan Lighting Co., Ltd., Taipei, Taiwan) under
a 1 2 - h l i g h t : 1 2 - h d a r k ( 1 2 L : 1 2D ) c y c l e a t
60 μmol photons m−2 s−1 cycle at 25 °C. Morphological
changes of Symbiodinium cells were examined under a
bright-field light microscope, and their densities were calcu-
lated with a hemocytometer under light microscopy. Cultured
Symbiodinium cells exhibited circadian motility changes and
were free from the host gastrodermal membrane. The culture
media was changed every 2 weeks.

Primer Specificity Validation Study

In order to empirically demonstrate that the SQ-RT-PCR
primers, described below, were specific to the compartment
of interest, a primer specificity validation study (PSVS) was
conducted as described in Appendix 1.

Photoperiod Treatment of SymbiodiniumCultures
and Endosymbiotic Sea Anemones

Aliquots of 106 Symbiodinium cells from the 12 cultures
growing under a 12 L:12D cycle in a growth chamber
(Model LTI-613, Taiwan Double Eagle, Co., Ltd., Taipei,
Taiwan) were transferred to each of 192 25-ml cultivation
bottles, after which cells were subjected to a 12 L:12D,
12 L:12 L, 12D:12D, or 12D:12 L (n=48 cultivation bottles
treatment−1) cycle in separate, individually controlled racks of
the same growth chamber. Aliquots were removed from trip-
licate cultures every 3 h for 2 days, beginning after 2 h of
exposure. Cells from the 48 culture aliquots from each of the
four treatments were pelleted at 3,000×g for 2 min, washed
twice with culture media, frozen in liquid nitrogen, and stored
at −80 °C. Concurrently, two anemones (one for RNA/protein
extraction and another for DNA extraction) from each of three
different genotypes (previously cultured for several years
under a 12 L:12D cycle in a separate growth chamber of the
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same lighting as for the Symbiodiniumcultures) were collected
and frozen in liquid nitrogen every 3 h for 1 day, beginning
after 2 h of exposure.

RNA/Protein Extractions and Reverse Transcription

The 192 cultured Symbiodinium aliquots sampled across four
photoperiods over 2 days, 24 anemones collected across one
12 L:12D cycle, and 9 anemones from the PSVS were ho-
mogenized in liquid nitrogen, and total RNA was extracted
with the Plant Total RNAMiniprep Purification Kit (Hopegen
Biotechnology, Taipei, Taiwan) according to the manufac-
turer’s recommendations, including an on-column DNase di-
gestion. RNAs were quantified with an SSP-3000 Super UV/
Vis Spectrophotometer (Infinigen Biotechnology Inc., CA,
USA), and the quality of the RNA was assessed by electro-
phoresis (100 V for 30 min) on ethidium bromide (EtBr)-
s t a i ned 18 % forma ldehyde -3 - (N-morpho l i no )
propanesulfonic acid (MOPS, 1×)-agarose (1 %) gels. Three
RT reactions were then conducted. The first was performed
with 1 μg total RNA, 10 pM oligo-dT primers, and the
MonsterScript™ 1st strand cDNA synthesis kit (Epicentre
Biotechnologies, WI, USA) according to the manufacturer’s
recommendations in order to generate cDNA (20 μl) for
cloning and SQ-RT-PCR. In the second reaction (20 μl),
random hexamer primers were used with the same kit and
RNA quantity, and the resulting cDNAs were used in real-
time PCRs. In the third reaction, which was conducted with
ten cultured Symbiodinium RNAs, a gene-specific primer
(“Sym-sl-rbcL-R1” of Table 1) was used with the same kit
and RNA quantity, and the resulting cDNAs were used in
touchdown PCRs with the spliced leader (SL) primers, as
described below.

For both cultured and endosymbiotic samples of the
12 L:12D treatment, the spin column flow-through was col-
lected during RNA purification for samples collected on the
first day of treatment (n=8 sampling times), and the proteins
were precipitated at −20 °C overnight and purified as in
Tolosa et al. (2007). After three washes with acetone with
0.1 % DTT, the 48 protein samples were dissolved in 1×
“sample” buffer (Laemmli 1970), quantified with the 2-D
Quant kit (GE Healthcare, WI, USA; according to the manu-
facturer’s recommendations), and frozen at −80 °C until used
in SDS-PAGE and western blotting, as described below.

Cloning of Symbiodinium rbcL and act1

Symbiodiniumprimers for the rbcLgene were designed from a
previously published sequence (NCBI accession: AF298221).
Briefly, two, non-overlapping portions of the rbcL gene were
targeted, one near the middle (AA~100−300 of the reference
protein [AAG37859]) of the gene (“5′ fragment”) and the
other near the 3′ end (AA~400−600 of the reference protein)

of the gene (“3′ fragment”). To amplify the former, partial
gene fragment, both Rbc-F1 (“5′ fragment 1”) and Rbc-F2
primers (“5′ fragment 2”) were used with the reverse primer
Rbc-R1 (Table 1) in separate reactions, and the target
amplicon sizes were 613 and 555 bp, respectively. The
SyRbc-F/R primers (Table 1) were designed to amplify the
latter, 534 bp, 3′ fragment, and this amplicon was targeted for
the SQ-RT-PCR analysis, described below. Cytoplasmic actin
(act1) was chosen to serve as a putative housekeeping gene
(HKG) for SQ-RT-PCR normalization, and the degenerate
primers (Actin-F/Actin-R of Table 1) for cloning of
Symbiodinium act1were designed by Fukuda et al. (2002).

In order to clone the three Symbiodinium rbcL and one act1
partial gene fragments, single-stranded, oligo-dT-primed
cDNAs from cultured Symbiodinium sampled during the light
phase of a 12 L:12D cycle were diluted 10-fold (~20 ng), and
PCRs (50 μl) were performed with 2 μl diluted cDNA,
500 nM forward and reverse primers (Table 1 “cloning”
primers), 1.5 mM MgCl2, 2.5 mM dNTPs, and 2.5 U rTaq™
polymerase (TaKaRa Biotechnology, Inc., Otsu, Japan).
Thermocycling was as follows: 94 °C for 5 min for 1 cycle,
40 cycles of 94 °C for 1 min, 53 °C for 1 min, and 72 °C for
1 min, followed by elongation at 72 °C for 10 min. The PCR
products were purified according to the manufacturer’s rec-
ommendations using the AxyPrep™ PCR clean-up kit
(Axygen Biosciences, CA, USA) and ligated into yT&A®
plasmids (Yeastern Biotech. Ltd., Taipei, Taiwan; according
to the manufacturer’s recommendations), which were subse-
quently transfected into ECOS® Escherichia coli cells
(Yeastern Biotech. Ltd.; according to the manufacturer’s rec-
ommendations). After overnight growth, colony PCRs were
conducted with the mastermix described above for cloning
except with the M13 vector primers. Thermocycling was
conducted as above, except with a 55 °C annealing tempera-
ture and only 20 cycles. The PCR products were sequenced
with the M13 forward primer and a Big-Dye™ terminator
cycle sequencing kit (Applied Biosystems, CA, USA) on an
Applied Biosystems PRISM 3700 DNA Analyzer according
to the manufacturer’s recommendations.

Consensus sequences of the Symbiodinium rbcL (NCBI
accession: JQ926152-155 for 5′ fragment 1, JQ926156-161
for 5′ fragment 2, and JQ926162-164 for the 3′ fragment) and
act1 (JQ926149-151) genes were generated from at least ten
clones and then analyzed by BLASTx. Only unique gene
sequences were submitted to NCBI. In order to clone the
complete, 5′-end of the rbcL gene, a SL primer “DinoSL”
(Zhang et al. 2007) and a reverse primer (Table 1) designed
from the reference nucleic acid sequence (AF298221) were
used in touchdown PCRs with gene-specific-primed cDNA
from cultured Symbiodinium collected during the light as in
Zhang et al. (2007). Target-sized amplicons (~450 bp) were
excised from the gel after the second PCR, as, in most cases,
multiple bands were evident. PCR products were purified
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from the agarose with the AxyPrep™ Gel Extraction kit
(Axygen Biosciences), then cloned, and sequenced, as above.

SQ-RT-PCR-Based Transcriptional Analysis of the rbcLGene
in Cultured and Endosymbiotic Symbiodinium

For SQ-RT-PCR, the same reaction mastermixes as for gene
cloning were used, though with newly designed act1 primers
(Table 1) generated from the act1 consensus sequence. Only
the 3′ rbcL fragment was amplified with SQ-RT-PCR, and the
same primers were used as for cloning. Oligo-dT-primed
cDNA from the 192 cultured and 24 endosymbiotic
Symbiodinium samples, as well as the 9 anemones from the
PSVS, was amplified in duplicate reactions for each of the two
primer sets. Prior to analyses, it was necessary to determine
the range of PCR cycles for each assay at which the reaction
was proceeding through the exponential phase in order to
know when to terminate the reaction; unlike real-time PCR,
SQ-RT-PCRmust be stopped at a specific cycle for each assay
such that the intensity of the EtBr-stained amplicon is directly
proportional to the mRNA level in the extracted total RNA

pool. The appropriate cycle number was found to be 27 for
each of these assays, and the PCR hold times were the same as
described above for gene cloning. For partially and fully
bleached anemones of the PSVS (Appendix 1), reactions with
40 cycles were also conducted in order to further verify the
absence of Symbiodinium gene expression in these samples.

SQ-RT-PCR products were purified with the AxyPrep PCR
clean-up kit as above, eluted into 20 μl of the manufacturer’s
eluent, and 10 μl of the purified PCR products were electropho-
resed through 1.5 % tris-borate EDTA (TBE)-agarose gels at
100 V for 30 min, stained in an EtBr bath for 20 min, and
visualized as above. Images were analyzed with Image J
(National Institutes of Health, MD, USA). Band intensities were
calculated for both rbcL and act1 for every sample, and an
intensity ratio of rbcL/act1 was calculated after demonstrating
temporal stability of act1 expression within treatments (Fig. 1).

Real-Time PCR

Real-time PCR was used to verify certain SQ-RT-PCR-based
gene expression changes in the culture aliquots and anemone

Table 1 PCR primers and thermocycling conditions

Name Compartment
(fragment)

Purpose
(fragment size)

Sequence (5′–3′) [Primer] Anneal
temperature

Cycle
#

NCBI
accession

Actin-F Symbiodinium Cloning (665 bp) ACAAAYTGGGAYAYGGA 500 53 40 ABD04712

Actin-R CCACCDATCCAAACAGARTA JQ926149-151

SyActn-F Symbiodinium SQ-RT-PCR (665 bp) CCAATCCACACACTGTACT 500 53 27 JQ926149-151

SyActn-R CAAATCATGTTCGAGACATT
CAATG

Sym-act1-F1** Symbiodinium Real-time PCR (87 bp) CACCACCATGTTCACAGGAA 200 60 31 JQ926149-151

Sym-act1-R1b AGCCACCACCTTGATCTTCA

Rbc-F1 Symbiodinium
(5′ fragment 1)

Cloning (613 bp) AGCCGCTACGCTGACCT 500 53 40 AAG37859

Rbc-R1 GAATGCACTCGTTCATCTG JQ926152-155

Rbc-F2 Symbiodinium
(5′ fragment 2)

Cloning (555 bp) TGCTGGTTGCCTACATCATG 500 53 40 AAG37859

Rbc-R1 GAATGCACTCGTTCATCTG JQ926156-161

DinoSL Symbiodinium
(spliced leader)

Cloning (428 bp) TCCGTAGCCATTTTGGCTCAAG 500 See Zhang
et al. (2007)Sym-sl-rbcL-R1 GGATCAGGGTGTCCTCGT HM124363-366

SyRbc-F Symbiodinium
(3′ fragment)

Cloning (534 bp) CCTTTGTGCACACCAAGATC 500 53 40 AAG37859

SyRbc-R TTGGCCCAGTCAAAGGATG JQ926162-164

SyRbc-F Symbiodinium SQ-RT-PCR (534 bp) CCTTTGTGCACACCAAGATC 500 53 40 JQ926162-164

SyRbc-R TTGGCCCAGTCAAAGGATG

Sym-rbcL-F3 Symbiodinium Real-time PCR (126 bp) CAGTGAACGTGGAGGACATGT 300 61 35 JQ926162-164

Sym-rbcL-R4 AGTAGCACGCCTCACCGAAA

Sym-18 s-F2* Symbiodinium Real-time PCR (100 bp) CAAGCCCGACTTTGCAGA 50 60 30 AF427448

Sym-18 s-R2 CGCACGATTCGTCAAGTTATC

AP-18 s-F1* A. pulchella Real-time PCR (109 bp) CGAAAAGTCCCGACTTCTGGAA 100 60 28 AY297437

AP-18 s-R1 CAAGGCCGTGCGATTCGAA

The accession number in the first row of each primer set refers to the NCBI accession number corresponding to the sequence from which the primers
were designed, while the second row contains the NCBI accession numbers corresponding to the genes cloned herein that were submitted to NCBI.
Assays denoted by “*” reflect those in which cDNAswere diluted 10-fold prior to real-time PCR, while thosemarked with “**” indicate that 0.5× bovine
serum albumin (BSA) was used in the reactions
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Fig. 1 Semi-quantitative reverse
transcription PCR-based gene
expression. Symbiodinium rbcL
and act1 gene expression were
each assessed in duplicate from
cultured Symbiodinium (n=3
cultures at each sampling time)
and endosymbiotic anemones
(n=3 anemones at each sampling
time) sampled across four and one
photoperiods, respectively. In all
panels, error bars represent
standard error of the mean, and
letter groups adjacent to icons
represent Tukey’s HSD
significance groups (p<0.05).
Symbiodinium act1 (a) and rbcL
(b) expressions (normalized to
expression of act1) were
measured in both cultured (filled
square) and endosymbiotic
(empty square) samples collected
at 3-h intervals under a 12L:12D
photoperiod. In b, upper and
lower case letters correspond to
Tukey’s HSD groups for the
cultured and endosymbiotic
samples, respectively. Only
Symbiodinium cultures were
sampled at 3-h intervals over
2 days of exposure to 12L:12L,
12D:12D, and 12D:12L cycles,
and expression of act1 (c, e, and g,
respectively) and act1-normalized
rbcL (d, f, and h, respectively) was
measured

Mar Biotechnol



samples of the 12 L:12D treatment. Twomicroliters from each
of the 48 random hexamer-primed cDNAs was used in each of
triplicate reactions with the Symbiodinium rbcL and act1
primer sets (“real-time PCR” primers of Table 1). cDNA,
primers (concentrations in Table 1), and 1× EZ-TIME™
SYBR® Green real-time PCR mastermix with ROX (10 μl,
Yeastern Biotech. Ltd.) were mixed in 20 μl reactions and
incubated in an Applied Biosystems 7500 real-time PCR
machine at 95 °C for 10 min for 1 cycle, followed by a
gene-specific number of cycles (Table 1) at 95 °C for 15 s
and the respective annealing temperature (Table 1) for 60 s.
Melt curves were conducted after every assay in order to
validate the specificity of the primer sets. After demonstrating
similar expression levels over time for the act1 gene (Fig. 2
and Table 3), expression of rbcLwas normalized to expression
of act1 for all cultured samples via the following formula:
(EPCR

act1 Ct)/(EPCR
rbcL Ct) where “EPCR” refers to the PCR

efficiency of the respective primer set, as deduced from cal-
culating the change in threshold cycle (Ct) across four to five
serial dilutions of a randomly selected cDNA sample run on
each 96-well plate for each assay.

For the 24 endosymbiotic samples only, expression of both
the Symbiodinium and host anemone 18 s rDNA genes was
also measured with real-time PCR (triplicate reactions with
the mastermix described above and the primer concentration

and thermocycling parameters of Table 1) in order to calculate
a Symbiodinium expression proportion (EP), or, the fraction of
the total 18 s rDNA transcripts derived from Symbiodinium.
Briefly, the Symbiodinium 18 s EP was calculated with the
following formula: (EPCR

Sym 18s Ct)−1/((EPCR
Sym 18s Ct)−1+

(EPCR
host 18s Ct)−1). As a traditional HKG approach cannot be

used with endosymbiotic organisms due to their dual com-
partmental nature (Mayfield et al. 2009), this method was
deemed preferable for normalization of gene expression data
after confirming that the Symbiodinium 18 s EP was stable
across time in anemones sampled across 1 day of the
12 L:12D treatment (Fig. 2d, Table 3). rbcL gene expression
in these endosymbiotic anemone samples was then divided by
the Symbiodinium 18 sEP. This is similar to the normalization
approach of Mayfield et al. (2010) except that an RNA pro-
portion was instead used herein.

SDS-PAGE and Western Blotting

Proteins (30 μg gel−1) from each of the 24 cultured and 24
endosymbiotic specimens were electrophoresed on two 4–
10 % SDS-PAGE gels as in Laemmli (1970); one gel was
stained with SYPRO® Ruby (Invitrogen, CA, USA) and
visualized on a Typhoon Trio scanner (Amersham
Biosciences, WI, USA) for assessment of protein quality,
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Fig. 2 HKG expression and gene
expression proportions.
Symbiodinium act1 (a),
Symbiodinium 18s rDNA (b), and
host anemone 18s rDNA (c)
expression, as well as the
Symbiodinium 18s expression
proportion (EP; d), were
measured with real-time PCR in
triplicate Symbiodinium cultures
(a) and triplicate endosymbiotic
A. pulchella specimens (b–d)
sampled at 3-h intervals over
either one (b–d) or two (a)
sampling days. Error bars
represent standard error of the
mean
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and the other was transferred to a polyvinylidene fluoride
(PVDF) membrane on ice at 100 V for 75 min. Membranes
were blocked in 5 % skim milk (w/v) in Tris-buffered saline
with Tween-20 (TBST, 100 mM Tris-HCl, 150 mM NaCl,
0.05 % Tween-20) for 1 h at room temperature. The blocking
buffer was decanted, and 10 ml of a 1:5,000 dilution of a
commercial RBCL primary antibody (forms I and II;
Agrisera, Sweden) in 5 % skim milk (w/v) in TBSTwas added
to the membranes, which were then incubated for 2 h with
gentle agitation at room temperature. Samples were washed
three times (10 min each) with TBSTand then incubated with a
1:5,000 dilution of goat anti-rabbit secondary antibody
(Millipore, MA, USA) for 5 min and washed with TBST as
above. Membranes were then stained with 400 μl
SuperSignal® West Pico Chemiluminescent Substrate Kit
chemiluminescent reagent (Thermo-Scientific, MA, USA)
and immediately visualized on a Fusion FX7 (Vilber
Lourmat, France) gel doc under the chemiluminescence setting.

Band intensity was measured with ImageJ, and the raw
intensity values were directly analyzed for the 24 cultured
Symbiodinium samples. On the other hand, the endosymbiotic
samples were composed of an unknown proportion of host
and endosymbiont protein, which, as described in the context
of the RNA-derived data above, could differ between samples
or in response to the photoperiod treatments. Therefore, the
RBCL western blot band intensities were normalized to the
Symbiodinium 18 s EP in the 24 endosymbiotic samples to
circumvent this biomass ratio-related bias in an analogous
manner as was conducted for the RNA-derived gene expres-
sion data from these same samples.

Data Analysis

Statistical analyses were conducted with JMP® (ver. 5.0; SAS
Institute, NC, USA), and Shapiro-Wilk W and Levene’s tests
were used to determine whether datasets were normally dis-
tributed and of equal variance, respectively. One-way
ANOVAs were conducted to determine the effect of sampling
time on gene and protein expression, and Tukey’s honestly
significant difference (HSD) tests were used to determine
individual mean differences when a statistically significant
difference was detected in the overall model (p<0.05).
Linear regression analysis was used to test for strength of
correlation between gene and protein expression.

Results

Cloning and Sequence Analysis of Partial rbcL and act1
cDNAs from Symbiodinium

rbcLPCR products of the 5′ (554–555 and 613 bp for the F2/R1
[5′ fragment 2] and F1/R1 [5′ fragment 1] primer sets,

respectively) and 3′ fragments (525–534 bp) were successfully
amplified and cloned from clade B (see RFLP results of Fig. s2.)
Symbiodinium cultures derived from A. pulchella tissues. There
was an approximate 300-bp gap between the amplicons upon
alignment to a full-length rbcL gene (AF298221), and neither
encompassed the 5′ or 3′ end of the gene. Therefore, a contig
could not be assembled between the two gene regions targeted
herein, and transcriptional analyses were conducted with the
latter, 3′ fragment only. The Symbiodinium rbcLgenewas shown
to possess an SL (NCBI accession: HM124363-66), and two
rounds of touchdown PCR were required to obtain the 432-bp
fragment containing the SL, 5′ UTR, and partial 5′ translated
region. In contrast to the rbcL gene, only one act1 fragment was
targeted, and 659–665 bp amplicons were produced.

The cDNA fragment amplified with the rbcL 3′ fragment
primers corresponded to a 178 AA ORF upstream of the 3′
UTR that showed 98.9 % similarity to a form II RBCL from
Symbiodinium isolated from Tridacna gigas (AF298221). The
cDNA fragment amplified with the act1 cloning primers of
Table 1 was conceptually translated into a 220 AA ORF that
was 99 % similar to a clade C Symbiodinium homolog
(ABD04712). Because this deduced clade B Symbiodinium
ACT1 protein was 81 % similar to the A. pulchella and
Nematostella vectensis ACT1 homologs, an experiment was
conducted to ensure that SQ-RT-PCR primers were specific to
the compartment of interest (Appendix 1). Briefly, primers did
not show cross-binding with host anemone cDNAs and were
hence deemed suitable for SQ-RT-PCR analysis.

Expression of rbcLUnder Different Photoperiods

As shown in Fig. 1a (filled icons), c, e, and g, similar levels of
act1 gene expression at different sampling times were ob-
served in cultured Symbiodinium sp. grown under different
light-dark treatments, indicating that expression of this gene is
temporally stable within different photoperiods (Table 2).
Additionally, Symbiodinium act1 expression was similar over
time in anemones (Fig. 1a, hollow icons) sampled across a
12 L:12D cycle (Table 2). act1was deemed suitable, then, as a
HKG for rbcL gene expression analyses within photoperiod
treatments for SQ-RT-PCR. However, it should be noted that
for a more sensitive technique, such as real-time PCR, such a
HKG approach is unsuitable (Mayfield et al. 2009).

act1-normalized rbcL expression varied significantly over
time (Fig. 1 and Table 2). First, under the 12 L:12D treatment,
the relative rbcL mRNA concentration in cultured
Symbiodinium (Fig. 1b, filled icons) gradually increased upon
illumination and reached a maximum upon entering the dark
phase. Over the course of the dark period, rbcL mRNA ex-
pression steadily decreased and returned to the baseline level
at the sampling time of 23. This pattern repeated itself when
cells entered the second 12 L:12D cycle. On the other hand,
Symbiodinium rbcL expression was markedly different in
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endosymbiotic anemones sampled at the same times under the
same light-dark cycle (Fig. 1b, hollow icons). While cultured
Symbiodinium rbcL expression increased in the day and de-
clined at night, Symbiodinium residing within anemone
gastrodermal cells showed a different trend; rbcL expression
decreased from the end of the light period to the beginning of
the dark period, then proceeded to increase steadily through-
out the remainder of the dark period. Furthermore, there was
an approximately 2-fold difference between the highest values
measured (5 h [light]) and the lowest (14 h [dark] Fig. 1b).

To investigate whether the effect of the 12 L:12D treatment
on rbcL expression was due to light alone or a circadian

rhythm, the level of rbcL mRNA expression in cultured
Symbiodinium subjected to either continual light (Fig. 1d) or
dark (Fig. 1f) was quantified (Table 2). Under the former
cycle, rbcL expression doubled over the course of the first
day and remained unchanged over the second 24 h of treat-
ment (Fig. 1d). On the other hand, upon continual dark treat-
ment (Fig. 1f), an oscillation pattern of the rbcLmRNA level
similar to that observed under the 12 L:12D treatment was
observed. During the first 24 h of continual darkness, rbcL
expression increased ~3-fold at sampling time 11 relative to
values measured at time 2 (Fig. 1f). On the second day of dark
treatment, only a 2-fold increase from the lowest (2′) to
highest (8′) level was measured. Furthermore, the diel peak
in rbcL expression occurred earlier, at 8′ rather than 11′, and
the rbcL expression appeared to decline to below baseline
levels after nearly 48 h of exposure to continual darkness
(Fig. 1f).

Symbiodinium cultures were also exposed to a 12D:12 L
photoperiod for 2 days (Fig. 1h), and expression of rbcL
varied significantly over time under this cycle (Table 2).
During the first 12 h of dark treatment on the first day, the
rbcL expression increased ~2-fold over baseline levels. Upon
the first 12 h of illumination, rbcL expression continued to
increase (Fig. 1h), reaching values 4-fold higher than baseline
after 12 h of light treatment. The second 12-h block of dark
treatment led to a 2-fold decrease in rbcL expression, and this
trend reversed upon the second 12-h period of light treatment,
after which the rbcL expression had approximately tripled
over the lowest levels measured on the second day (Fig. 1h).

Real-Time PCR Normalization for Cultured
and Endosymbiotic Symbiodinium

Real-time PCR was used to confirm trends in rbcL expression
observed with SQ-RT-PCR in Symbiodinium cultures and
endosymbiotic anemones sampled across two and one
12 L:12D cycles, respectively (Fig. 2). First, act1 expression
of cultured samples was measured with real-time PCR
(Fig. 2a) and was found to be temporally stable (Table 3).
As such, it was used as a HKG for normalization of both SQ-
RT-PCR and real-time PCR-derived rbcL expression data. On
the other hand, for reasons discussed in other works (e.g.,
Mayfield et al. 2011, 2012), a HKG approach cannot be used
to normalize gene expression data when using a highly sensi-
tive technique such as real-time PCR with endosymbiotic
samples since not only the efficiency of the RT reaction, but
also the biological composition of the samples, could change
over time, between samples, or in response to experimental
treatments. For that reason, the expression of both
Symbiodinium (Fig. 2b) and host anemone (Fig. 2c) 18 s
rDNA genes was measured within samples and summed.
Then, the fraction originating from Symbiodinium (i.e., EP;
Fig. 2d) was calculated and demonstrated to be stable over

Table 2 One-way ANOVA table for semi-quantitative reverse transcrip-
tion PCR-derived gene expression data

Source of variation df MS F p value Figure

Cultured Symbiodinium act1 expression: light-dark cycle

Time 15 1,360 0.751 0.723 1a (filled square)

Error 57 1,810

Endosymbiotic Symbiodinium act1 expression: light-dark cycleR

Time 7 171 1.32 0.273 1a (empty square)

Error 32 129

Cultured Symbiodinium rbcL expression: light-dark cycle

Time 15 0.0770 4.68 <0.01 1b (filled square)

Error 57 0.0160

Endosymbiotic Symbiodinium rbcL expression: light-dark cycle

Time 7 0.0640 2.20 0.0610 1b (empty square)

Error 32 0.0290

Cultured Symbiodinium act1 expression: light-light cycleR

Time 15 279 1.77 0.0850 1c

Error 32 157

Cultured Symbiodinium rbcL expression: light-light cycleR

Time 15 511 10.55 <0.01 1d

Error 32 48.4

Cultured Symbiodinium act1 expression: dark-dark cycleL

Time 15 0.0330 1.073 0.418 1e

Error 32 0.0310

Cultured Symbiodinium rbcL expression: dark-dark cycleL

Time 15 0.439 6.70 <0.01 1f

Error 32 0.0660

Cultured Symbiodinium act1 expression: dark-light cycle

Time 15 4,620 1.605 0.179 1 g

Error 16 2,880

Cultured Symbiodinium rbcL expression: dark-light cycle

Time 15 0.0650 8.17 <0.01 1 h

Error 16 0.00800

For both cultured and endosymbiotic samples, expression of rbcL was
normalized to act1as described in the test. Statistically significant pvalues
are in bold font

Superscripted R rank-transformed data, superscripted L log-transformed
data
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time (Table 3). Both rbcL gene and RBCL protein expression
in endosymbiotic samples were then normalized to this
EP parameter.

Comparison of Real-Time PCR-Derived rbcLmRNA
Expression Between Cultured Symbiodinium
and Endosymbiotic Anemones

As with the SQ-RT-PCR-derived data from cultured
Symbiodinium sampled across a 12 L:12D cycle, there was a
steady, statistically significant (Table 3) increase in real-time
PCR-derived cultured Symbiodinium rbcL expression
(Fig. 3a) during the light exposure period. Specifically, there
was a ~1.5-fold increase in rbcL expression over the light
portion of the first sampling day, and, over the course of
12 h of darkness, expression decreased ~1.5-fold to baseline
levels by time 23. A similar pattern was seen over the second
cycle. The pattern of rbcL expression in Symbiodiniumwithin

anemone gastrodermal cells was markedly different. Notably,
there was a pronounced ~1.7-fold increase between sampling
times 2 and 5, followed by an approximately 4-fold decrease
over the remainder of the light period and on to time 14 of the
dark period, at which the lowest levels of expression were
measured (Fig. 3b). Over the course of the dark period, rbcL
expression approximately tripled, a change corroborated by
the SQ-RT-PCR data (Fig. 1). In short, cultured and endosym-
biotic Symbiodinium demonstrated opposite patterns of diel
rbcL expression.

Comparison of rbcLGene and RBCL Protein Expression

RBCL protein expression differed significantly over time
(Table 3) for cultured (Fig. 3c) samples, though not for endo-
symbiotic ones (Fig. 3d). In the former, there was a ~2-fold
decrease in RBCL protein expression between day and night
(Fig. 3c). Interestingly, there was no significant correlation
between rbcL transcript and RBCL protein levels for either
cultured (F=1.373, p=0.254, r2=0.06; Fig. 3e) or endosym-
biotic (F=1.540, p=0.228, r2=0.07; Fig. 3f) Symbiodinium
sampled at 3-h intervals over one 12 L:12D cycle.

Discussion

Circadian changes in mRNA transcript levels of certain genes
have been documented in many photoautotrophic organisms
(Kreps and Kay 1997; McClung 2001; van Dolah et al. 2007),
and diel variability in rbcL mRNA expression has been ob-
served in several marine phytoplankton and cyanobacteria
(Pichard and Paul 1991; Paul 1996; Pichard et al. 1996; Xu
and Tabita 1996; Zhang and Lin 2003; Corredor et al. 2004).
We found oscillating patterns of rbcL expression in cultured
Symbiodinium specimens, with the highest levels measured
after 12 h of light exposure (Fig. 1b). This pattern could be due
to (1) light induction or (2) a circadian rhythm. However, upon
continual illumination, Symbiodinium sp. demonstrated a
sustained increase in rbcLmRNA expression (Fig. 1d), indi-
cating a light induction effect.

Interestingly, there appeared to be a plateau effect in rbcL
gene expression; after ~24 h of continual light exposure, the
rbcL transcript level no longer continued to rise. In fact, the
same maximum level of rbcL expression was found in all four
SQ-RT-PCR experiments. The plateau seen upon continual
exposure to light could suggest that, although PAR used in this
experiment was far lower than those eliciting peak levels of
photosynthesis in Symbiodinium (Iglesias-Prieto and Trench
1994), after over 24 h of continual light exposure, the
Symbiodinium have maximized photosynthesis to levels at
which the cells continue to grow and divide but not at so high
a level as to lead to detrimental reactive oxygen species (ROS)
levels. Photorespiration, on the other hand, may become a

Table 3 One-way ANOVA table for real-time PCR-derived gene and
western blot-derived protein expression data

Source of variation df MS F p value Figure

Cultured Symbiodinium act1 expression

Time 15 1,730 1.13 0.371 2a

Error 32 1,530

Endosymbiotic Symbiodinium 18 s rDNA expressionR

Time 7 70.3 1.709 0.177 2b

Error 16 41.1

Endosymbiotic Aiptasia 18 s rDNA expression

Time 7 26.5 0.668 0.696 2c

Error 16 39.6

Endosymbiotic Symbiodinium 18 s rDNA/(host+Sym 18 s rDNA)R

Time 7 43.9 0.834 0.575 2d

Error 16 52.7

Cultured Symbiodinium rbcL expression

Time 7 5.00×10−6 17.89 <0.01 3a
Error 16 3.00×10−7

Endosymbiotic Symbiodinium rbcL expression

Time 7 46.2 13.5 <0.01 3b

Error 16 3.43

Cultured SymbiodiniumRBCL protein expression

Time 7 3.80×108 14.9 <0.01 3c

Error 24 2.50×107

Endosymbiotic SymbiodiniumRBCL protein expression

Time 7 2.10×106 0.794 0.6030 3d

Error 16 2.60×106

Cultured and endosymbiotic Symbiodinium gene and protein expression
data were normalized as described in the text. Statistically significant
p values are in bold font

Superscripted R rank-transformed data, superscripted L log-transformed
data
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more important process under prolonged exposure to contin-
ual light, as this pathway can limit ROS production by divert-
ing excitation energy from the oxygen-producing pathways
(Crawley et al. 2010).

While the continual light treatment did not suggest evi-
dence of a circadian rhythm, continual dark treatment did, as
rbcL expression continued to fluctuate over the first diel cycle
(Fig. 1f). That being said, the oscillation of the rbcL mRNA
level was significantly dampened after 2 days of dark treat-
ment. A combination of the effects of light induction and
circadian rhythm was observed when the cultured
Symbiodinium sp. were raised under a 12D:12 L photoperiod
(Fig. 1h), in which an increase in rbcL expression during the
first 12 h of dark treatment was observed, followed by a

subsequent light-induced increase in the rbcL mRNA level
in the following 12 L period. Taken together, these results
suggest that rbcL mRNA expression in cultured
Symbiodinium cells may rely not solely on light or regulation
by a circadian clock, but by a combination of these two
factors.

The regulatory influence of photoperiod and the circadian
clock on gene expression has not been thoroughly studied in
dinoflagellates. That being said, a recent work found evidence
for a circadian clock in Symbiodinium that acts to regulate
photosynthesis (Sorek and Levy 2012), though the molecular
regulation of this feature has yet to be described. In contrast,
posttranscriptional control has previously been shown to be
important in the regulation of dinoflagellate proteins (Morse
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expression. rbcL expression was
measured with real-time PCR in
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Tukey’s HSD groups and reflect
significance at p<0.05 in a–c. In
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et al. 1989). As a specific example, circadian regulation of
bioluminescence in the dinoflagellate Lingulodinium
polyedrum is caused by altered rates of protein translation,
but not transcription, for luciferin-binding protein and lucifer-
ase (Mittag et al. 1998). Herein, we found that, although rbcL
in cultured Symbiodinium showed a cyclical expression pat-
tern under dark treatment that suggests that it may be under the
control of a circadian clock, there was no correlation with
RBCL protein expression (Fig. 3). That being said, RBCL
protein expression was generally higher in the light relative to
the dark, so, despite the lack of correlation, both gene and
protein expression data point to an elevated need for this
enzyme in the light, in contrast to the aforementioned studies
of other phytoplankton. Collectively, though, these data sug-
gest that RBCL expression is potentially regulated
posttranscriptionally, and, unlike in other phytoplankton
(Pichard et al. 1996; Bruyant et al. 2005; Zinser et al. 2009),
RBCL expression and activity cannot be inferred from gene
expression levels alone. Whether the half-life of the rbcL
mRNA, elevated rates of de novo translation, or
ubiquitination/proteolysis is more important in regulating the
concentration of this critically important protein in
Symbiodinium remains to be demonstrated and serves as a
promising question for future research.

Even had such a strong correlation between gene and
protein expression been observed, previous studies have
found that carbon fixation in dinoflagellates can be influenced
by a circadian rhythm that does not result in changes in
rubisco activity or expression. For instance, a previous study
found that dinoflagellate rubisco expression does not corre-
spond to increases in photosynthetic output (Hollnagel et al.
2010). This lack of correlation may be due to the fact that
rubisco activity is controlled by its packaging into pyrenoids
during times when carbon fixation is occurring at maximum
levels (Nassoury et al. 2001), and so is not necessarily corre-
lated with its absolute levels of gene and protein expression. In
the future, it will be fruitful to combine both expression
analyses of Symbiodinium rbcL and RBCL, as conducted
herein, with RBCL activity assays (Lilley et al. 2010) and
carbon fixation analyses using radio-labeling (sensu Furla
et al. 2000) in order to better understand whether increases
in rbcL/RBCL expression at certain times or under certain
photoperiods correspond to actual increases in Symbiodinium
carbon fixation.

The documented increase in rbcL gene expression upon
prolonged light exposure is in direct contrast to observations
of this gene in certain bacteria (Bruyant et al. 2005; Zinser et al.
2009) and phytoplankton (Pichard et al. 1996), in which the
highest levels of rbcL expression were documented at sunrise.
As ribulose-1,5-bisphosphate is not produced at night, it seems
logical that RBCL would be found at higher concentrations at
times at which photosynthesis is occurring, and, in fact, this
observation was made not only herein, but also within

Symbiodinium populations residing within the gastroderm of
the coral Stylophora pistillata (Moya et al. 2008). On the other
hand, RBCL concentration was nearly identical in endosymbi-
otic samples over one 12 L:12D cycle, an observation made in
similar studies of the RBCL protein in other dinoflagellates
(Nassoury et al. 2001; Hollnagel et al. 2010).

Collectively, these results suggest that regulation of this
enzyme may differ between Symbiodinium within host
gastrodermal cells and those in cultured environments. This
could be expected given the dramatically different ion con-
centrations and gas partial pressures between the ocean/
culture media, which is dominated by inorganic ions such as
Na+ and Cl−, and the host anemone cytoplasm, which is
comprised of high concentrations of compatible solutes, such
as glycerol and taurine (Goiran et al. 1997; Seibt and
Schlichter 2001). Furthermore, oxygen generation within the
coral tissue peaks at midday (250 % air saturation) and de-
clines progressively during darkness (less than 5%; Kühl et al.
1995), and, as such, in hospite pO2, which differs between
culture media and anemone gastrodermal tissues (Dykens and
Shick 1982), could also serve to influence expression of
RBCL and other Calvin cycle enzymes. In fact, it has recently
been proposed that a circadian clock and hypoxia-inducible
transcription factor (HIF) system might operate in parallel to
control the diel patterns of gene expression in endosymbiotic
corals (Levy et al. 2011). Thus, there appears to be a dynamic
balance between respiration and photosynthesis in the
holobiont that may influence expression of proteins involved
in photosynthesis and carbon fixation in Symbiodinium cells.
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Appendixes

Appendix 1 Primer Specificity Validation Study

Materials and Methods

Endosymbiotic sea anemones with an oral disc size of ~0.5 cm
were collected and grown in 250 ml glass flasks containing
200 ml sterile filtered seawater (SFSW) for several months,
and one specimen from each of three randomly selected clonal
cultures was partially dissected to remove one tentacle for
DNA extraction (described in Appendix 2), which was snap-
frozen in a 1.5-ml microcentrifuge tube and stored at −80 °C.
The partially dissected anemones were then visualized under a
fluorescent microscope, snap-frozen in liquid nitrogen, and
stored at −80 °C prior to extraction of their RNAs (described
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in the main article text) to serve as the healthy group (n=3).
Images were obtained with a DAPI filter set (UV/Violet; Ex:
BP 365/12 nm; FT 395 nm; LP 397 nm) on a Zeiss dissecting
microscope (SteREO Discovery V8, Carl Zeiss International,
Germany) using a Zeiss Axiocam digital camera to detect
Symbiodinium (red) chlorophyll fluorescence.

Six randomly selected anemone cultures were incubated at
4 °C for 2 h to induce bleaching (sensu Muscatine et al. 1991).
After cold shock, one partially bleached anemone from each of
the three randomly chosen cold-shocked cultures was dissected
and visualized under the fluorescent microscope as described
above, snap-frozen in liquid nitrogen, and stored at −80 °C to
serve as the partially bleached group (n=3). The remaining
cold-shocked specimens were transferred to new flasks con-
taining SFSW and then kept at 25–28 °C in total darkness for
8 months. The SFSW was replaced twice weekly, and, once
Symbiodinium were no longer visible under the fluorescent
microscope, one anemone from each of the three fully bleached
clonal populations was imaged, dissected as above, snap-frozen
in liquid nitrogen, and kept at −80 °C prior to extraction of
RNAs to serve as the fully bleached group (n=3). RNA extrac-
tion, cDNA synthesis, and SQ-RT-PCRs were conducted with
the nine samples as described in the main article text.

Results

Symbiodinium density was diminished in partially bleached
anemones, and in fully bleached specimens, no Symbiodinium
were microscopically detected (Fig. s1a–c, right-most panels).
act1 and rbcL cDNAs were amplified by PCR for either 27 or
40 cycles (Fig. s1d). As fewer Symbiodinium were found in
partially bleached samples, decreased expression of rbcL and
act1 was evident; PCR for 27 cycles did not amplify either
gene at a detectable level (Fig. s1d). Detection of act1 expres-
sion in partially bleached A. pulchella specimens could only
be achieved after 40 PCR cycles. Furthermore, neither rbcL
nor act1 transcripts were detected in fully bleached anemones,
even after 40 PCR cycles (Fig. s1d).

Appendix 2 RFLPAnalysis of Cultured and Endosymbiotic
Symbiodinium

To determine the genetic identity to clade level for both cultured
and endosymbiotic Symbiodinium used in the study, DNAs
were extracted from ~106 cells from each of the 12
Symbiodinium cultures from which the experimental aliquots
were removed, the individual tentacles dissected from each of
the 9 anemones sampled for the primer specificity validation
study (PSVS, Appendix 1), and the 24 A. pulchella (entire
anemone) specimens sampled at 3-h intervals across one
12 L:12D cycle with the AxyPrep™ Multisource Genomic
DNAMiniprep kit (Axygen Biosciences, CA, USA) according
to the manufacturer’s recommendations after homogenizing the

cells, tentacles, and anemones, respectively, in liquid nitrogen
with a mortar and pestle. The 45 DNAs were PCR-amplified
with the Symbiodinium 18 s rDNA primers (“ss3z-ss5z”), re-
agent concentrations, and thermocycling conditions of Rowan
and Powers (1991), and the PCR products were excised from
the gel with a razor blade and purified with the AxyPrep™
DNA gel extraction kit (Axygen Biosciences) according to the
manufacturer’s recommendations.

The purified PCR amplicons were then digested with TaqI
and Sau3 AI (New England Biolabs, MA, USA) in separate
20 μl reactions as in Yang (2001), and 10 μl of the digestion
products were electrophoresed on 1.5 % tris-acetate-EDTA
(TAE) agarose gels, stained in an ethidium bromide (EtBr)
bath for 20 min, visualized at 610 nm on a Typhoon Trio™
Scanner (GEHealthcare,WI, USA), and the digestion patterns
compared to those of Rowan and Powers (1991) and Yang
(2001) to verify Symbiodinium identity in each of the 45 DNA
samples. Subcladal diversity of Symbiodinium (sensu
LaJeunesse 2002; LaJeunesse et al. 2010; Bellantuono et al.
2011) was not assessed, as the markers used to infer such
diversity, particularly its2, are intragenomically variable (Stat
et al. 2009, 2010) and hence unable to resolve subcladal
genetic differences (Pochon et al. 2011).
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