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Abstract

The superfamily of light-harvesting complex (LHC) proteins is comprised of proteins with diverse functions in light-
harvesting and photoprotection. LHC proteins bind chlorophyll (Chl) and carotenoids and include a family of LHCs that bind
Chl a and c. Dinophytes (dinoflagellates) are predominantly Chl c binding algal taxa, bind peridinin or fucoxanthin as the
primary carotenoid, and can possess a number of LHC subfamilies. Here we report 11 LHC sequences for the chlorophyll a-
chlorophyll c2-peridinin protein complex (acpPC) subfamily isolated from Symbiodinium sp. C3, an ecologically important
peridinin binding dinoflagellate taxa. Phylogenetic analysis of these proteins suggests the acpPC subfamily forms at least
three clades within the Chl a/c binding LHC family; Clade 1 clusters with rhodophyte, cryptophyte and peridinin binding
dinoflagellate sequences, Clade 2 with peridinin binding dinoflagellate sequences only and Clades 3 with
heterokontophytes, fucoxanthin and peridinin binding dinoflagellate sequences.
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Introduction

Light-harvesting complexes (LHC) of photosynthetic eukaryotes

bind pigments essential for augmenting light capture and

photoprotection. The LHC superfamily can be divided into three

major groups based on the pigments bound to the protein

complexes [1]. The LHCs of green plants, euglenophytes and

chlorophytes bind Chl a and b (Cab; Lhca and Lhcb genes); a second

group containing Chl a and c (Cac) binding LHCs is found in

chromoalveolates and includes the fucoxanthin-Chl a/c proteins

(Fcp; Lhcf genes); the third major group contains the Chl a and

phycobilin binding proteins of cyanobacteria, rhodophytes

(LhcaR; Lhcr genes) and cryptophytes (Lhc; Lhcc genes). Further

groups within the LHC superfamily include the LI818 and LI818-

like proteins [2] while more recent extensive phylogenetic analysis

have identified the Lhcz proteins of cryptophytes, haptophytes and

heterokonts [3] and a new family of red lineage chlorophyll a/b-

like proteins [4].

Plants and chlorophytes have been extensively studied and

contain two major Chl a/b binding proteins, LHCI and LHCII.

These are primarily associated with photosystem I (PSI) and

photosystem II (PSII) respectively. The functional unit of the green

plant LHCII is a trimer, each monomer of which possesses three

membrane-spanning a-helices with two short amphiphilic a-

helices on the lumenal side; one at the C-terminal end [5] and the

second between helices I and II [6,7]. In the green plant LHCII

model a minimum of 14 Chls (eight Chl a and six Chl b) and four

carotenoids bind to the polypeptide [6,7].

While Chl a/b, Chl a/c, and Chl a phycobilin binding proteins

demonstrate considerable sequence divergence, the highly con-

served LHCII polypeptide sequences of green plants share

homology with LHCI of Chl a binding rhodophytes [8,9] and

the major Chl a/c binding proteins of dinoflagellates [10,11].

Given this, rhodophytes and chromoalveolates might be expected

to display a similar LHC structure to that of the green plant

LHCII [1,5].

To date, no rhodophyte LHCs associated with PSII have been

identified, instead phycobilisomes are used as the major PSII

antennae [12,13]. Rhodophyte LHCI [8,9] as well as chromo-

phyte and dinoflagellate LHCs [10,14,15] contain the Chl-binding

and stabilization residues identified in green plant LHCII and

possess three membrane spanning helices [15] but do not contain

the short amphiphillic a-helix on the lumenal side identified by

Kühlbrandt, Wang, and Fujiyoshi [5] in green plants. The greatest

variation between Chl a/b, Chl a/c and Chl a binding proteins is

evident in helix II and the interhelical connectors; for example, in

green plants seven residues separate the two Chl-binding residues

(Q and E) in helix II [5], while eight amino acids separate the

binding residues in the Chl a/c proteins and those that bind

phycobilin [9].

The Chl a/c containing dinoflagellates are an ecologically

important group of unicellular eukaryotes found in fresh and

marine waters as free-living organisms, or in symbiosis with a

variety of marine invertebrates and protists [16]. Studies of

photoautotrophic dinoflagellates provide unique insights into

plastid acquisition as they have undergone multiple chloroplastic
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acquisitions and subsequent gene transfer and genome reorga-

nization, and have evolved unique protein import pathways for

chloroplast-targeted proteins [17,18]. Dinoflagellate chloroplasts

are similar to those in Euglenophyta in that they are

surrounded by at least three membranes. This multi-membrane

arrangement has necessitated novel strategies for the importa-

tion of proteins into the chloroplast. For example, Euglena gracilis

LHCs are initially expressed in the cytosol as polyproteins

containing multiple LHC polypeptides. These are transported to

the chloroplast where specific proteases cleave the polypeptide

into individual mature LHC polypeptides [19,20]. E. gracilis

LHC polyproteins contain either nearly identical repeating

polypeptides, pairs of divergent polypeptides, or complex

divergent polypeptides [20]. Each LHC polypeptide is separated

from the next by a decapeptide linker that contains the protease

cleavage site [20]. Similarly, the dinoflagellate Amphidinium

carterae encodes integral peridinin light-harvesting proteins as

polyproteins containing up to 10 different but closely related

polypeptides [11]. Circumstantial evidence also exists for other

nuclear encoded chloroplast proteins being synthesized as

polyproteins, for example the nuclear encoded form II Rubisco

in Symbiodinium [21]. In addition, a subset of dinoflagellate

nuclear genes can be arranged in tandem repeats and expressed

on a single polycistronic mRNA, with a 59 splice leader (SL)

sequence added by trans-splicing [22,23,24]. The process of SL

trans-splicing converts polycistronic messages into individual

monocistronic mRNAs before translation [22] and in dinofla-

gellates polycistronic mRNA appears to contain repeated coding

sequences for the same gene [24]. In euglenophytes and

dinoflagellates the import of nuclear encoded proteins into the

chloroplast requires mechanisms to navigate the three or more

membranes surrounding the plastid [25,26].

One group of dinoflagellates of particular ecological importance

are those belonging to the genus Symbiodinium. These are symbiotic

with reef-building corals and a variety of other marine inverte-

brates and encode LHCs that bind Chl a/c and peridinin as the

primary carotenoid. Peridinin is unique to dinoflagellates [27] and

is associated with two unrelated LHCs in Symbiodinium; the

peridinin-Chl a protein complexes (PCP) located on the periphery

of the thylakoid membranes, and the integral Chl a-Chl c2-

peridinin protein complex (acpPC; previously ACP or iPCP;

proposed Lhcd genes [28]). PCP is a soluble protein complex with

no sequence similarity to other known LHCs [29]. There is a

considerable body of literature on PCP [30,31,32,33,34,35,36,37]

and the x-ray structure has been determined [38]. In comparison,

the integral protein complex acpPC does have sequence similarity

with known LHCs and is part of the Chl a/c subfamily of LHCs

[10].

Here we report a number of LHC sequences from the

dinoflagellate Symbiodinium sp. (C3 sensu [39]). Phylogenetic analysis

and structural comparison of a putative acpPC subfamily of genes

from Symbiodinium demonstrates the diversity of LHC proteins in

this organism. Interestingly, Symbiodinium sequences similar to

those of the Chl a binding rhodophytes and Fcp binding

chromophytes are evident within the one organism, although

none group with the LI818 or LI818-like sequences. In addition,

we demonstrate a subset of Symbiodinium cDNA sequences

encoding polypeptides suggesting Symbiodinium, like A. carterae and

E. gracilis, either translates LHC genes as polyproteins or

alternatively, repeats of specific LHC genes are expressed on a

single polycistronic mRNA transcript.

Materials and Methods

EST Sequencing
Partial dinoflagellate gene sequences were obtained from an

Expressed Sequence Tag (EST) library of Symbiodinium sp. C3 [40].

Specific primers (Sigma Genosys, Australia) were designed to

putative acpPC sequences and DNA amplification was performed

with PlatinumH Taq DNA polymerase (Invitrogen, USA) using the

following conditions: an initial cycle of 2 min at 94uC, followed by

35 cycles of 20 s at 94uC, 20 s at 56uC and 2 min at 72uC, finally

10 min at 72uC and a holding temperature of 4uC. Amplified

DNA was purified using QIAquick PCR Purification Kit (Qiagen,

USA) prior to ligation into pGEM-T Vector System (Promega,

USA) and used to transform One ShotH TOP10 Competent Cells

(Invitrogen, USA). Cells were grown overnight at 37uC on LB agar

treated with ampicillin. Sterile LB aliquots were inoculated with

single bacterial colonies containing putative acpPC sequence

inserts and the cultures grown overnight at 37uC while shaking

(260 rpm). Cells were collected by centrifugation (1 min and

10,0006g) and plasmids purified using UltraCleanTM 6 Minute

Mini Plasmid Kit (Mo Bio Laboratories, Inc, USA).

Direct sequencing of EST library glycerol stocks of single

bacterial colonies containing acpPC sequence inserts was also

performed to confirm full insert coverage. Glycerol stocks were

streaked onto LB agar with ampicillin and grown following the

procedure outlined above. All clones were sequenced at the

Australian Genome Research Facility (AGRF) and resulting

nucleotide sequences trimmed and assembled using LasergeneH
v8.0 (DNAStar Inc, Madison, USA). Symbiodinium acpPC sequenc-

es were identified based on transcript (blastN) and protein (blastX)

similarity searches using NCBI databases and gene specific

primers designed to the resulting consensus sequences using

DNAStar LasergeneH v8.0 software PrimerSelect (USA).

59 Sequencing
To obtain 59 regions for the acpPC sequences amplified from

the C3 EST library a 22 nucleotide 59 trans-spliced leader (SL)

sequence [22,23] was used in combination with multiple gene

specific primers and cDNA template transcribed from freshly

extracted Symbiodinium sp. C3 RNA. RNA extraction and cDNA

synthesis was performed on Symbiodinium as per Boldt, Yellowlees,

and Leggat [41]. Symbiodinium cells were harvested from Acropora

aspera branches collected from the reef flat at Heron Island (Great

Barrier Reef (23u339S, 151u549E) in April 2009 and frozen in

liquid nitrogen.

Sequences were confirmed by amplification using high fidelity

AccuPrimeTM Pfx SuperMix (Invitrogen, USA) and 200 nM final

concentration of each primer. The final 25 mL reaction mixture

was amplified on a MultiGene Thermal Cycler (Labnet Interna-

tional Inc, NJ, USA) using the following conditions: an initial cycle

of 5 min at 95uC, followed by 35 cycles of 15 s at 95uC, 30 s at

60uC and 90 s at 68uC, finally 10 min at 72uC and a holding

temperature of 4uC. Zero BluntH TOPOH PCR Cloning Kit for

sequencing was used to insert amplified blunt-end products into

the plasmid vector pCRH4Blunt-TOPOH and transformed into

One ShotH TOP10 Cells (Invitrogen, USA) according to

manufacturer’s protocol. A second set of sequences were obtained

following template purification using QIAquick PCR Purification

Kit (Qiagen, USA), addition of dATP overhangs, ligation into

pGEM-T Vector and transformation into NM522 cells. A third

and final set of sequences obtained following template amplifica-

tion with Promega GoTaqH Flexi DNA polymerase (Promega

Corporation, Madison, WI, USA) using the following conditions:

an initial cycle of 2 min at 95uC, followed by 35 cycles of 30 s at

Symbiodinium LHCs
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95uC, 30 s at 60uC and 2 min at 72uC, finally 10 min at 72uC and

a holding temperature of 4uC. Purified PCR product (QIAquick

PCR Purification Kit, Qiagen, USA) was directly ligated into

pGEM-T Vector and transformed into NM522 cells. Each

sequencing method either provided new sequence data or

confirmed data already obtained. Following plasmid purification

(PureLinkTM HQ Mini Plasmid Purification Kit, Invitrogen, USA)

multiple clones for each gene were sequenced at the AGRF to

confirm sequencing results.

Northern Blot Analysis for Symbiodinium acpPC
Transcript size of five different acpPC genes (acpPCSym_1, _4,

_8, _13 and _15) was determined using northern blot analysis.

Total RNA from Symbiodinium C3 and C1 were extracted from

100 mg of crushed A. aspera skeleton (C3 cells) or 6–106106

cultured C1 cells using an RNeasy Plant Mini Kit (Qiagen, USA).

Cultured C1 Symbiodinium (CCMP 2466, USA) were lysed twice for

20 s at 4.0 ms21 in Lysing Matrix D tubes (MP Biomedicals,

Australia) containing 450 mL of RLT Buffer (Qiagen, USA) on a

FastPrepH-24 Instrument (MP Biomedicals, Australia). RNA

precipitations were performed using 100% ethanol and RNAse

free sodium acetate and water. Two and one half mg of total RNA

was separated on a 1.2% formaldehyde agarose gel at 50 volts for

4 h and subsequently transferred to Amersham HybondTM-N+
(GE Healthcare Life Science, UK) membranes according to

Sambrook and Russell [42]. Membranes were crossed linked for

90 s in a microwave (1100 watts) and prehybridized for 2–6 h at

58–60uC in Denhardts buffer (56 SSC, 56 Denhardt’s solution,

0.5% w/v SDS). Probes designed to five Symbiodinium acpPC genes

(acpPCSym_1, _4, _8, _13 and _15) using DNASTAR Laser-

geneH v8.0 PrimerSelect (USA) were labeled using dATP 59 –

[a-32P] (PerkenElmer, USA) and Prime-A-GeneH Labelling

System (Promega Corporation, Madison WI, USA). After

hybridization for 20 h at 58–60uC membranes were washed for

5 min in 26SSC/0.1% SDS at room temperature, 15 min in 16
SSC/0.1% SDS at room temperature then 10 min in 16 SSC/

0.1% SDS at 55uC and air-dried on blotting paper. Saran

wrapped membranes were exposed to a storage phosphor screen

(Molecular Dynamics, GE Healthcare Life Sciences, UK) for 48 -

96 h and visualized using a PhosphorImager Storm 860 by

Molecular Dynamics (GE Healthcare Life Science, UK).

Phylogenetic Analysis
LHC sequences for 35 species belonging to 33 genera of green

plants, chlorophytes, chlorarachniophytes, prasinophytes, hetero-

kontophytes, a rhodophyte, euglenophyte, cryptophyte, hapto-

phyte and dinophytes (see Table S1 in the Supplementary

Material) were aligned with acpPC sequences from Symbiodinium

sp. C3. Symbiodinium sequences encoding multiple copies of the

membrane spanning helices (acpPCSym_1, _5, _8, _10, _12, _13

and _17) were divided into individual units comprised of helices I

and II, and helices III and IV when present. Alignments of protein

sequences were constructed in BioEdit Sequence Alignment Editor

[43] using ClustalW Multiple Alignment [44] using default

settings. Alignment refinement was manually performed using

Jalview v2.4 [45] based on the highly conserved Chl-binding

residues and stroma localized motifs proposed by Kühlbrandt,

Wang, and Fujiyoshi [5] and Tan et al. [9] as guides to helix

location. Regions of high divergence were excluded from the

analysis because of the ambiguity required to align these regions

with only the first three helices, and amphiphilic a-helix when

present, used in analysis to maximise position homology.

Phylogenetic analysis was performed using PhyML for maximum

likelihood [46] and MrBayes for Bayesian inference [47]. Using

ProtTest v2.1 [48], the LG + Alpha + Proportion Invariant +
Frequencies (LG+I+G+F) model of protein evolution was deter-

mined as the best fit model for the final alignment data. LG [49], a

relatively new amino acid replacement matrix, is not a candidate

model to determine Bayesian inference thus the WAG matrix [50]

was selected for MrBayes analysis. The most likely topology was

calculated based on Sh-like branch support. For the Bayesian

inference, two runs with 10 million generations each were

calculated with topologies saved at each 1,000 generations. One

fourth of the 10,000 topologies were discarded as burn in, and the

remaining used to calculate the posterior probability.

Hydrophobicity plots generated with DNASTAR LasergeneH
v8.0 Protean program (USA), using a Kyte-Doolittle scale of 20

residues, in conjunction with the hidden Markov model-based

program HMM [51], PolyPhobius [52] and ChloroP [53] were

used to identify potential membrane-spanning regions, signal

peptides and chloroplast transit peptides in acpPC sequences.

Sequence logos of helices I - IV were generated using WebLogo

[54] from the sequence data used to generate phylogenetic

analysis.

Accession Numbers
Sequence data from this article can be found in the EMBL/

GenBank data libraries under the accession numbers FN646412-

FN646425.

Results

Phylogenetic Analysis
Expressed sequence tags (ESTs) for Symbiodinium sp. C3 isolated

from Acropora aspera [40] were used to obtain partial sequences for

putative acpPC genes. ESTs for 33 clones were sequenced and

assembled based on a minimum match percentage of 98%. High

fidelity amplification of the resulting 14 acpPC sequences provided

59 regions for nine, with the remaining five sequences extended

but lacking full sequence coverage (table 1). These sequences were

named acpPCSym_1, 3–5, 8–15, 17 and 18. Symbiodinium acpPC

sequences, 54 LHC protein sequences for green plants, chlor-

ophytes, chlorarachniophytes, prasinophytes, heterokontophytes, a

euglenophyte, rhodophyte, cryptophyte, haptophyte and dino-

phytes including EST sequence data for Symbiodinium clade A1.1

[55] were aligned and the membrane-spanning sequences used for

phylogenetic analysis (fig. 1). Symbiodinium acpPC sequences

encoding repeats of the three transmembrane helices in single

LHC protein were treated as multiple sequences and numbered

individually using a single colon to separate the sequence name

from the transmembrane helices group in order from the 59 end

(for example, acpPCSym_5:1, _5:2 and _5:3, each contain helices

I, II and III) (figs. 1 and 2a). These results demonstrate

Symbiodinium sp. C3 encode a diversity of integral LHC proteins

ranging in size from 18 - 65 kDa and importantly, LHC sequences

similar to those of the Chl a binding rhodophytes and Fcp binding

heterokontophytes are evident within this one species of dinofla-

gellate (fig. 1).

Phylogenetic analysis of the sequences for the LHC membrane-

spanning helices demonstrates the distinct separation of Chl a/b

and Chl a/c binding protein lineages (fig. 1). The Chl a/b lineage

comprises LHCI and LHCII sequences from green plants,

chlorophytes, a prasinophyte and euglenophyte. The Chl a/c

lineage includes Chl a/c and Fcp binding proteins from

heterokontophytes and dinophytes, a rhodophyte and cryptophyte

and the putative dinoflagellate acpPC family of sequences. This

separation of LHC proteins into two distinct lineages corresponds

Symbiodinium LHCs
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with the presence or absence of chlorophyll b in light-harvesting

and has previously been well documented [15,56].

Within the lineage of Chl a/c binding proteins, three distinct

clades can be found (fig. 1). Clade 1 includes the rhodophyte and

cryptophyte sequences, two dinoflagellate Chl a/c sequences and

four acpPC sequences (acpPCSym_5:3, _17:2, _15 and _18). Clade

2, contains three Symbiodinium sequences. acpPCSym_1 and _4

sequences encode monomers of 46 kDa and 29 kDa respectively

Figure 1. Phylogenetic analysis of Symbiodinium sp. C3 acpPC sequences with LHCs from green plants, chlorophytes,
chlorarachniophytes, prasinophytes, heterokontophytes, a rhodophyte, euglenophyte, cryptophyte, haptophyte and dinophytes.
A maximum likelihood tree rooted at the mid-point is shown with the support values for MrBayes (posterior probability) followed by PHYML included
at the nodes. A total of 78 sequences with 97 amino acid sites (including gaps) were analyzed. The Chl a/b binding protein complexes associated with
PSI (Lhca) and PSII (Lhcb) in green plants, chlorophytes and euglenophytes cluster together while the Chl a/c binding protein complexes form a
second cluster which includes the Fcp sequences of heterokontophytes, Lhcas of a rhodophyte and LHCs of a cryptophyte. The LI818 and LI818-like
sequences group separately but include a haptophyte Fcp sequence and two dinophyte Chl a/c sequences. Within the Chl a/c cluster are three
distinct clades: Clade 1 containing four Symbiodinium sp. C3 acpPC sequences and LHCs from a rhodophyte, cryptophyte, and two peridinin-binding
dinophytes, Heterocapsa triquetra and Symbiodinium type A1.1; Clade 2 contains Symbiodinium sequences; Clade 3 is divided into two clusters, a Chl
a/c and Fcp cluster (3a), and a Symbiodinium sp. C3 acpPC and Chl a/c cluster (3b). Sequence data obtained from multiple databases is available in the
online Supplementary Material (Table S1).
doi:10.1371/journal.pone.0047456.g001
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with chloroplastic leader sequences and the N-terminal four-residue

phenylalanine based motif features in the transit peptide.

The final cluster within the Chl a/c lineage, Clade 3, comprises

two clusters; Clade 3a includes heterokontophyte Fcp sequences,

Chl a/c sequences and one acpPC sequence, while Clade 3b is a

dinoflagellate specific clade and contains sequences from four

genera of dinoflagellate, including twelve acpPCSym sequences.

Each dinoflagellate genera in Clade 3b encode LHCs with a C-

terminal SPLR motif after helix III (fig. 3b). In A. carterae the Chl

a/c polyprotein contains a protease cleavage site at the C-terminal

arginine residue of the SPLR motif which generates at least five

separate mature LHC polypeptides [11]. Four of the Symbiodinium

acpPC sequences are potentially polyproteins containing multiple

LHC polypeptides and C-terminal SPLR motifs (acpPCSym_8,

_10, _12, _13). Three acpPC sequences acpPCSym_8, _10, and

_12 encode bipartite polypeptides each of 18.4 kDa while

acpPCSym_13 encodes tripartite polypeptides of 21 kDa,

19.5 kDa and 23 kDa (table 1). The two 59 end polypeptides in

acpPCSym_13 (_13:1 and _13:2) contain the C-terminal SPLR

motif while the third (_13:3) does not. A fifth sequence

(acpPCSym_11) contains the C-terminal SPLR motif, but encodes

only one LHC polypeptide of 18.4 kDa. This monomer has high

identity at the protein level (93–95%) and cDNA level (79–98%)

with polypeptides from acpPCSym_8, _10 and _12 (table 2). In

comparison, the two polypeptides containing SPLR within

acpPCSym_13 have only 57% identity at the protein level with

acpPCSym_11, and polypeptide three is only 23% (table 2).

Two transcripts (acpPCSym_5 and _17) do not contain the

SPLR motif but encode multiple copies of the three transmem-

brane helices found in single LHC proteins. The transcript for

acpPCSym_5 encodes a 65.5 kDa protein with nine membrane-

spanning regions, but lacks full coverage in the 59 region. The

complete sequence for acpPCSym_17 encodes a 54 kDa protein

with seven membrane-spanning regions and includes a chloro-

plastic leader sequence (table 1) containing a transit peptide with

an N-terminal four-residue phenylalanine based motif [18]. The

lack of a canonical C-terminal SPLR like motif in acpPCSym_5

and _17 suggests that the mature protein is either a monomer or

has a proteolytic cleavage site different from the A. carterae,

Pyrocystis lunula, Heterocapsa triquetra and acpPC sequences contain-

ing SPLR.

Transmembrane Topology
Similar to rhodophyte, cryptophyte and heterokontophyte

LHCs, acpPC sequences generally contain three transmembrane

helices (Helix I, Helix II and Helix III; fig. 2a). In comparison,

green plant and chlorophyte LHCs generally contain three

transmembrane helices and a fourth amphiphilic a-helix. In

Symbiodinium sp. C3 acpPC sequences the structural features and

Chl-binding residues identified in the green plant LHCII model

are generally present (figs. 2a and 2b). Twelve of the acpPC

sequences code for eight amino acid residues between the Q and E

Chl-binding residues in helix II while six lack one of these residues

(table 1 and fig. 2a). Five proteins have a non-conservative

substitution of the Q residue (fig. 3a), similar non-conservative

substitutions can be found in the dinoflagellates Symbiodinium KB8

A1.1 and Karlodinium micrum and the green alga Chlamydobotrys

stellata, while acpPCSym_13 has a conservative substitution in the

second Chl-binding residue with D replacing E (fig. 3b). The

conserved residue substitution in acpPCSym_13 is only evident in

the first group of membrane-spanning helices (acpPCSym_13:1),

the second (_13:2) and third (_13:3) group contain Q and E

separated by eight residues. A similar substitution pattern is

evident in the acpPCSym_5 monomer (table 1).

In addition to variations of specific Chl-binding residues there

are examples of significant divergence in the secondary structure

of Symbiodinium LHCs. acpPCSym_1 is noticeably different from

the other acpPC sequences in that it lacks helix II (table 1 and

fig. 2a) and encodes membrane-spanning helices (acpPCSym_1:1,

_1:2) with the highly conserved helices I and III repeated. The

absence of helix II sequence also occurs in H. triquetra Cac_1 that

clusters with LI818 and LI818-like genes (figs. 1 and 2a), and in

some E. gracilis membrane-spanning helices (fig. 2a). Within Clade

3b (fig. 1), acpPCSym_17:1 exhibits the canonical structure of a

three transmembrane helix protein with a amphiphilic a-helix

(figs. 2a and 3c) common amongst Chl a/b lineage LHCs rather

than only three transmembrane helix protein common within the

Chl a/c binding lineage. The presence of helix IV is not evident in

proteins within the Chl a/c lineage with the exception of

Symbiodinium KB8 A1.1_155:1.

Polycistronic Transcript Variation
Symbiodinium sp. C3 encodes transcripts containing one, two or

three LHC polypeptides. To determine if larger transcripts are

present in Symbiodinium, LHC transcript size was examined by

northern blot analysis on RNA from freshly isolated Symbiodinium

sp. C3 (see fig. S1 in the Supplementary Material) and the closely

related cultured Symbiodinium sp. C1 (fig. 4). Probes used

represented the diversity of LHC transcripts including the Chl

a/c and Fcp-like acpPCSym_8 and _13 (Clade 3b), which contain

multiple polypeptides, and acpPCSym_1, _4 (Clade 2) and _15

(Clade 1), which represent the LHC group with transcripts

containing monomers. The probes hybridized strongly with

cultured C1 RNA but there was weak hybridization of the same

probes to C3, possibly due to coral RNA contribution within the

sample. Probes for acpPCSym_1, acpPCSym_4 and acpPC-

Sym_15 hybridized to RNA of 1.4 kb, 1.2 kb and 938 bp

corresponding to the size expected for a monocistronic polypep-

tide transcript (table 1). In contrast, probes for acpPCSym_8

hybridized to RNA of 3.1 kb, 4.6 kb, 6.1 kb and 7.6 kb while the

acpPCSym_13 probe hybridized to RNA of 2.1 kb and 4.2 kb.

Based on acpPC polypeptide size (table 1), acpPCSym_8 mRNA

Figure 2. Alignment of Symbiodinium LHC with other LHC representatives. (A) Amino acid alignment of membrane-spanning helices for 78
sequences used to determine Symbiodinium sp. C3 integral LHC phylogeny. Black shading represents 99% conservation, dark grey 70% and light grey
35%. Symbiodinium sp. C3 acpPC sequences are boxed and the side numbering (1, 2, 3a and 3b) refers to the three distinct clades within the Chl a/c
binding cluster. Clade 1 acpPC sequences cluster with a rhodophyte, cryptophyte, and dinophytes possessing three transmembrane helices. Clade 2
is a dinophyte cluster and includes acpPCSym_1 which lacks helix II. Clade 3a is a Chl a/c and Fcp cluster while Clade 3b is a second cluster of
dinophytes possessing three transmembrane helices with the exception of acpPCSym_17, which has a fourth amphiphilic a-helix. (B) Amino acid
sequence logo plot of LHC membrane-spanning helices I – IV. Position 1 denotes the start of a helix and the higher the bits score the greater the
consensus across the data. In both the alignment and logo plot a manually inserted gap separates each helix and the nine proposed Chl-binding
residues, identified in the green plant LHCII model [5], are listed and marked ({): Helix I: E-11, H-14, G-24; Helix II: Q-8, Q-9 E-17; Helix III: E-11, N-14, Q-
28; Helix IV: H-8. In helix II, Q at position 8 (1) and 9 ({) demonstrates the varied spacing between the two Chl-binding residues, with Chl a/b binding
proteins separated by seven residues and Chl a/c binding proteins separated by eight. Two arginine residues (Helix I: R-16; Helix III: R-16) are
proposed to play a stabilization role in helices I and III.
doi:10.1371/journal.pone.0047456.g002
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Figure 3. Schematic representation of the different Symbiodinium transmembrane domains. (A) Schematic of the three transmembrane
polypeptide encoded by acpPCSym_4 in Symbiodinium sp. C3. acpPCSym_4 clusters with dinophyte LHCs and helix II and helix III contain a variation
to one Chl-binding residue proposed in the Kühlbrandt, Wang, and Fujiyoshi [5] model for green plants. (B) Schematic of the three transmembrane
polypeptide acpPCSym_13:1 in Symbiodinium C3. acpPCSym_13:1 clusters with Chl a/c LHCs and encodes a proposed proteolytic cleavage site for

Symbiodinium LHCs
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comprises between four and ten 519 bp repeats (173 amino acid

polypeptides) and acpPSym_13 comprises three to six 576/534/

630 bp repeats (192/178/210 amino acid polypeptides).

Discussion

The Symbiodinium sp. C3 acpPC sequences reported here encode

a diversity of light-harvesting proteins within the Chl a/c binding

family of LHCs (fig. 1) that exhibit similarities with both the

rhodophyte Chl a binding proteins and the fucoxanthin Chl a/c

binding proteins, but not the LI818 or LI818-like proteins.

Symbiodinium sp. C3 acpPC sequences may share similar structural

features and Chl-binding residues as those demonstrated in the

LHCII sequences of Chl a/b binding proteins, but the position of

the sequences within the Chl a/c, Fcp and Chl a grouping is

strongly supported. The diversity evident in Symbiodinium LHCs

suggests the acpPC subfamily may contain functionally distinct

LHCs that enable these ecologically important dinoflagellates to

efficiently utilize the varied light conditions experienced in the

marine environment.

The major divisions within the phylogenetic reconstruction of

LHCs in this study were similar to previously published results

focusing on chlorophyte [3] and stress-induced [57] LHCs. The

division of sequences into cryptomonad/red algal, Fcp/Chl a/c,

LI818 family, and LHCI/LHCII subgroups remained clear (fig. 1),

and the diversity of LHCs demonstrated in the one species of

Symbiodinium, presented in this study, reflects findings that Chl a/c

containing algae possess LHCs from different subfamilies and

lineages. Plastid genome sequencing of Emiliania huxleyi indicates

organelles of haptophytes, heterokontophytes and cryptophytes are

closely related [58], and genes from both red and green algal

sources are evident in the heterokontophytes Thalassiosira and

Phaeodactylum [59]. Fcp sequences from Cyclotella cryptic share

similarity with LI818 proteins of two Chlamydomonas spp. and the

haptophyte Isochrysis galbana, and one C. cryptic Fcp sequence shows

similarity to the red algal Porphyridium cruentum LHCI sequences

Lhca1 and Lhca2 [60].

The fucoxanthin-binding dinoflagellate K. micrum also exhibits

diversity in LHCs (fig. 1, LI818/LI818-like and Clade 3a) and this

may relate to the origin of plastids derived from haptophytes [61].

mature polypeptides (SPLR) on the lumenal side and C-terminal to helix III. (C) Schematic of the three transmembrane and fourth amphiphilic a-helix
polypeptide encoded by acpPCSym_17:1 in Symbiodinium C3. acpPCSym_17:1 clusters with Chl a/c LHCs, includes helix IV, however helix II has eight
amino acid residues between the two Chl-binding residues rather than the seven evident in helix II of green plants. acpPCSym_17:2 encodes a second
set of helices I, II and III but not helix IV. Schematics are based on the LHCII model of Kühlbrandt, Wang, and Fujiyoshi [5] and residues identified as
Chl-binding or involved in helix stabilization are shown with a black background.
doi:10.1371/journal.pone.0047456.g003

Table 2. Comparison of the cDNA and amino acid sequences in the Symbiodinium sp. C3 chlorophyll a-chlorophyll c2-peridinin
light-harvesting complex.a.

LHC acpPCSym acpPCSym acpPCSym acpPCSym acpPCSym acpPCSym acpPCSym acpPCSym acpPCSym acpPCSym

Name _11 _8:1 _8:2 _10:1 _10:2 _12:1 _12:2 _13:1 _13:2 _13:3

acpPCSym 23 24 24 23 23 23 23 21 23 100

_13:3 23 36 36 37 37 38 38 36 35 100

acpPCSym 56 57 57 57 57 57 55 54 100

_13:2 37 58 57 59 58 58 57 57 100

acpPCSym 57 55 55 57 57 57 56 100

_13:1 36 58 57 58 58 58 58 100

acpPCSym 97 90 91 95 95 97 100

_12:2 96 79 80 94 92 96 100

acpPCSym 99 92 93 97 97 100

_12:1 98 79 80 93 92 100

acpPCSym 97 93 94 100 100

_10:2 93 79 79 97 100

acpPCSym 97 93 94 100

_10:1 95 80 80 100

acpPCSym 93 99 100

_8:2 80 97 100

acpPCSym 93 100

_8:1 79 100

acpPCSym 100

_11 100

aComparisons are made at the percent identity level. The upper number refers to protein identity while the percent identity in the cDNA is beneath.
acpPCSym_11 encodes a monomeric protein, acpPCSym_8, _10 and _12 encode bipartite polypeptides. Individual polypeptides in the polyproteins are numerically
identified for example, acpPCSym_13:1 is the polypeptide at the N-terminal end of the tripartite polyprotein. Each polypeptide has the C-terminus motif SPLR with the
exception of acpPCSym_13:3.
doi:10.1371/journal.pone.0047456.t002
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The tertiary derived plastids contain fucoxanthin-binding proteins

in addition to those proteins remaining from the secondary

dinoflagellate plastid that possess peridinin-binding proteins [62]

and may be the case with acpPCSym_13:3 which groups with K.

micrum and other fucoxanthin – binding algae (Clade 3a) rather

than acpPCSym_13:1 and _13:2 (Clade 3b). The presence of LHC

sequences in Clades 1, 2 and 3 of other dinoflagellate ESTs

supports the hypothesis that this characteristic may be widespread

in these algae. Whether the degree of expression diversity seen

here in Symbiodinium sp. C3 is partially a factor of the diverse array

of experimental conditions to which the algae were exposed [40] is

unknown.

Given the series of plastid acquisition and genome rearrange-

ments in dinoflagellates [22,23], and the evidence for lateral gene

transfer [63], it is not surprising dinoflagellates encode multiple

LHC genes. Many dinoflagellate genes have very high copy

numbers encoding similar proteins; for example the A. carterae actin

copy number is at least 113 [24] and the Lingulodinium polyedrum

luciferin-binding protein gene has approximately 1,000 copies

[64]. While those Symbiodinium LHCs that are closely related may

be functionally equivalent, the diversity in sequences raises the

possibility that some may be functionally different and involved in

distinct light harvesting and photoprotection processes. The

photoprotective strategy utilized by Symbiodinium remains unre-

solved, however it has recently been found that LHC can

disassociate from PSII under high light conditions [65] with

redistribution to PSI to minimise PSII overexcitation [66] in

Symbiodinium, whether this occurs for all acpPC isoforms are

involved in this are unknown. In addition to state transitions

Symbiodinium acpPC bind the carotenoid pigments diadinoxanthin

(Dn) and diatoxanthin (Dt) [67], which are functionally equivalent

to the xanthophyll pigments central to terrestrial plants photo-

protective mechanisms [68]. With respect to this, the lack of

similarity of Symbiodinium LHC sequences presented here with

LI818 or LI818-like proteins is interesting. The two subgroups of

LI818 and LI818-like sequences in this study each contain one

dinoflagellate representative: H. triquetra and K. micrum (fig. 1).

Many proteins from the LI818 subfamily have a role in stress

response and recent phylogenetic analysis suggests LI818 proteins

originated in an ancestral Chl a/c containing organism [57]. In

addition, the number of proteins from the LI818 family present in

haptophytes and heterokontophytes suggests this family of proteins

is important in the marine environment [57].

LHCs Synthesized as Polyproteins
The use of polyproteins as a method for the importation of

nuclear encoded Chl-binding proteins into algal chloroplasts has

been reported previously for Euglena (Chl a/b binding protein) and

the dinoflagellate A. carterae (Chl a/c binding protein): these have

three or four and three chloroplast membranes respectively. Four

Symbiodinium LHC proteins (acpPCSym_8, _10, _12 and _13)

share identity with the Clade 3 LHCs and encode polypeptides

within a single transcript. The SPLR motif was present in all

Symbiodinium transcripts encoding polypeptides (acpPCSym_8, _10,

_12 and _13). This is consistent with the mature LHCs being

generated by cleavage at the arginine in this C-terminal motif [11].

The SPLR motif was also present at the C-terminal end of

acpPCSym_11, which encodes a monomer. Its presence in this

transcript and identity at the cDNA level of acpPCSym_11 with

the polypeptides of acpPCP_8 (79% and 80%), _10 (95% and

93%) and _12 (98% and 96%) (table 2) raises the possibility that

acpPCSym_11 represents a component of the original gene, which

following gene duplication and fusion, has given rise to polyprotein

transcripts. This contrasts with the tripartite polypeptides of

acpPCSym_13 that have significantly less identity and may

represent an older series of gene duplication/fusion events

(table 2). Four other dinoflagellates, A. carterae [11], P. lunula

[69], H. triquetra [18] and Amphidinium tamarense [70], also encode

LHCs containing the motif SPLR.

Gene duplication is a well documented feature in dinoflagellates

[71,72,73] which presumably has given rise to polyproteins in

addition to increasing the copy number of highly expressed genes

[24]. Information on the organisation of dinoflagellate genomes is

limited, but there is evidence that subsets of genes are arranged in

repeated tandem arrays and result in polycistronic messages

carrying multiple copies of a single gene [24]. Analysis of 15 highly

expressed A. carterae genes showed that 14 were arranged in

repeated tandem arrays while only two moderately expressed

genes had a similar arrangement [24]. In addition A. carterae has

been shown to encode up to ten LHC polypeptides within the one

transcript [11]. While transcripts encoding up to three LHC

polypeptides were found in the screen of the Symbiodinium cDNA

library, northern blot analysis indicates that Symbiodinium expresses

larger transcripts. For example a probe using a portion of

acpPCSym_8 that encodes two LHC polypeptides with a size of

1.54 kb hybridizes to transcripts of 3.1 kb, 4.6 kb, 6.1kb and

7.6 kb (fig. 4), corresponding to four, six, eight and ten LHC

polypeptides.

The presence of LHC polyproteins in E. gracilis and dinoflagel-

lates, which have acquired plastids from different algal lineages,

probably represents the convergent evolution of an efficient

Figure 4. Northern blot analysis of cultured Symbiodinium sp.
C1 RNA. The blot was probed with sequence specific PCR product for
Symbiodinium acpPCSym_8 (lane 2), acpPCSym_13 (lane 3), acpPC-
Sym_1 (lane 4), acpPCSym_4 (lane 5) and acpPCSym_15 (lane 6) labeled
using dATP 59 – [a-32P]. Equal quantities (2.5 mg) of RNA from
Symbiodinium sp. C1 were applied. Lanes 1 and 7 contain RNA standard
probed with lambda DNA.
doi:10.1371/journal.pone.0047456.g004
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strategy to import proteins through multiple chloroplastic mem-

branes into secondary chloroplasts. The presence of multiple

membranes around the plastid necessitates the presence of an N-

terminal transit peptide for nuclear encoded chloroplast targeted

proteins. In dinoflagellates these proteins possess presequences

containing a signal peptide and a transit peptide of which there are

two major classes, both possessing a four-residue phenylalanine

based motif [18]. The 59 regions of Symbiodinium sp. C3 acpPC

sequences, for which we have full sequence coverage, generally

contain these dinoflagellate presequence features.

Symbiodinium sp. C3 Membrane-Spanning Helix
Organization

It has been hypothesized the Chl a/b and Chl a/c binding

proteins evolved from a gene encoding four membrane-spanning

helices [15]. It is proposed that the gene for the four membrane-

spanning helices arose from gene duplication of membrane-

spanning helices I and III with helix IV subsequently undergoing

degeneration [15]. The conservation of helices I and III in a

diverse range of organisms, including Symbiodinium, supports this

hypothesis and that helices I and III and the associated Chl-

binding residues represent the core of the light-harvesting complex

[5], although alternative evolutionary scenarios have been

suggested [4].

This report also demonstrates that Symbiodinium encodes at least

two proteins with LHC membrane-spanning helix duplication,

deletion, and/or degeneration; a feature more common in the Chl

a/b binding proteins of green plants, chlorophytes and eugleno-

phytes rather than Chl a/c and Fcp proteins. Comparison of the

Symbiodinium acpPC sequences with LHCII genes from green

plants [5] and LHCI genes in Porphyridium cruentum [9] demon-

strates the similarity between them, particularly with respect to the

identified Chl-binding residues. Symbiodinium has eight amino acids

separating the two Chl-binding residues in helix II as documented

in rhodophytes and chromophytes [9], rather than seven as in

green plants [5]. While related to Chl a/c binding proteins,

acpPCSym_17 and acpPCSym_KB8 A1.1_155 are particularly

interesting and appear to have evolved independently from the

polyproteins and Fcp binding proteins. Exhibiting 80% identity at

the protein level, these two proteins are from different genetic

strains of Symbiodinium [39,74] and contain all the structural

features and Chl-binding residues identified in the original green

plant LHCII model [5]. Both encode three transmembrane helix

and an amphiphilic a-helix protein, although helix II has eight

amino acids between Q and E (fig. 3c).

The green plant LHCII sequence and structure [5,6,7] shares

significant homology with LHC sequences from rhodophytes,

crypotophytes, chromophytes and dinophytes. Superimposing

rhodophyte and chromoalveolate sequences over the green plant

LHCII model enables initial structural and Chl-binding site

comparisons between and within different Chl-carotenoid binding

protein groups, although definitive conclusions from such com-

parisons require caution. Superimposing the putative family of

acpPC sequences onto the green plant LHCII model highlights the

extent of sequence identity and suggests Symbiodinium may have a

similar LHC structure to LHCII in green plants. The presence of

H. triquetra and K. micrum sequences in the LI818 and LI818-like

group and within the Chl a/c clades (Clade 1 and Clade 3a

respectively) indicates the diversity shown within Symbiodinium is

unlikely to have resulted from sample contamination during

collection and extraction processes. The diversity of Symbiodinium

LHC proteins poses the question of how the structure of the PSI

and PSII supercomplexes is formed given such a range of LHCs in

the Symbiodinium genome. In green plants, the PSI supercomplex is

composed of two heterodimers consisting of Lhca1-4, with lower

concentrations of Lhca5-6; in Arabidopsis these are each encoded by

a single gene copy [75]. PSI in Chlamydomonas is more complex

with up to 18 LHC isoforms being present, although all of these

are homologous to the six LHC proteins found in green plants

with the diversity arising from multiple genes for some of the LHC

classes being present in the genome. The green plant PSII also

contains six LHC proteins that form either trimers or monomers.

Given the small number of genes encoding LHC in the green

lineage the question arises as to how the dinoflagellate photosys-

tem supercomplexes are formed and regulated with such a

diversity of LHC isoforms being expressed? Does PSI contain only

acpPC proteins from Clade 1, as is the case with red algae Clade 1,

while acpPCs in Clade 3 associate with PSII? What role do acpPC

isoforms with non-canonical Chl-binding residues play - are they

still capable of chlorophyll binding or do they play an adapted role

in photoprotection? These questions require further research.

However, whatever their function, the range and complexity of

Symbiodinium integral LHC proteins presented in this work,

provides further evidence that the organization of dinoflagellate

light-harvesting systems is unique [10].
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31. Prézelin BB (1976) The role of peridinin-chlorophyll a-proteins in the

photosynthetic light adaption of the marine dinoflagellate, Glenodinium sp. Planta
130: 225–233.

32. Chang SS, Trench RK (1982) Peridinin-chlorophyll a proteins from the

symbiotic dinoflagellate Symbiodinium ( = Gymnodinium) microadriaticum, Freu-

denthal. Proceedings of the Royal Society of London, Series B: Biological

Sciences 215: 191–210.

33. Roman SJ, Govind NS, Triplett EL, Prezelin BB (1988) Light regulation of

peridinin-chlorophyll a-protein (PCP) complexes in the dinoflagellate, Glenodi-

nium sp. - use of anti-PCP antibodies to detect PCP gene products in cells grown

in different light conditions. Plant Physiology 88: 594–599.

34. Govind NS, Roman SJ, Iglesias-Prieto R, Trench RK, Triplett EL, et al. (1990)

An analysis of the light-harvesting peridinin-chlorophyll-a-proteins from

dinoflagellates by immunoblotting techniques. Proceedings of the Royal Society

of London, Series B: Biological Sciences 240: 187–195.

35. Iglesias-Prieto R, Govind NS, Trench RK (1991) Apoprotein composition and

spectroscopic characterization of the water-soluble peridinin chlorophyll a-

proteins from three symbiotic dinoflagellates. Proceedings of the Royal Society

of London, Series B: Biological Sciences 246: 275–283.

36. Hiller RG, Crossley LG, Wrench PM, Santucci N, Hofmann E (2001) The 15-

kDa forms of the apo-peridinin-chlorophyll a protein (PCP) in dinoflagellates

show high identity with the apo-32 kDa PCP forms, and have similar N-terminal

leaders and gene arrangements. Molecular Genetics and Genomics 266: 254–

259.

37. Reichman JR, Wilcox TP, Vize PD (2003) PCP gene family in Symbiodinium from

Hippopus hippopus: low levels of concerted evolution, isoform diversity, and

spectral tuning of chromophores. Molecular Biology and Evolution 20: 2143–

2154.

38. Hofmann E, Wrench PM, Sharples FP, Hiller RG, Welte W, et al. (1996)

Structural basis of light harvesting by carotenoids: peridinin-chlorophyll-protein

from Amphidinium carterae. Science 272: 1788–1791.

39. LaJeunesse TC, Loh WKW, van Woesik R, Hoegh-Guldberg O, Schmidt GW,

et al. (2003) Low symbiont diversity in southern Great Barrier Reef corals,

relative to those of the Caribbean. Limnology and Oceanography 48 2046–

2054.

40. Leggat W, Hoegh-Guldberg O, Dove S, Yellowlees D (2007) Analysis of an EST

library from the dinoflagellate (Symbiodinium sp.) symbiont of reef-building corals.

Journal of Phycology 43: 1010–1021.

41. Boldt L, Yellowlees D, Leggat W (2009) Measuring Symbiodinium sp. gene

expression patterns with quantitative real-time PCR. Proceedings of the 11th

International Coral Reef Symposium, Ft Lauderdale Florida July: 118–122.

42. Sambrook J, Russell D (2001) Molecular Cloning: A Laboratory Manual.

Plainview New York: Cold Spring Harbor Laboratory Press.

43. Hall TA (1999) BioEdit: a user-friendly biological sequence alignment editor and

analysis program for Windows 95/98/NT. Nucleic Acids Symposium Series 41:

95–98.

44. Thompson JD, Higgins DG, Gibson TJ (1994) Clustal W: improving the

sensitivity of progressive multiple sequence alignment through sequence

weighting, position-specific gap penalties and weight matrix choice. Nucleic

Acids Research 22: 4673–4680.

45. Clamp M, Cuff J, Searle SM, Barton GJ (2004) The jalview java alignment

editor. Bioinformatics 20: 426–427.

46. Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm to estimate

large phylogenies by maximum likelihood. Systematic Biology 52: 696–704.

47. Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of

phylogenetic trees. Bioinformatics 17: 754–755.

48. Abascal F, Zardoya R, Posada D (2005) ProtTest: selection of best-fit models of

protein evolution. Bioinformatics 21: 2104–2105.

49. Le SQ, Gascuel O (2008) An improved general amino acid replacement matrix.

Molecular Biology and Evolution 25: 1307–1320.

50. Whelan S, Goldman N (2001) A general empirical model of protein evolution

derived from multiple protein families using a maximum likelihood approach.

Molecular Biology and Evolution 18: 691–699.

51. Krogh A, Larsson B, Heijne Gv, Sonnhammer ELL (2001) Predicting

transmembrane protein topology with a hidden Markov model: application to

complete genomes. Journal of Molecular Biology 305: 567–580.

52. Käll L, Krogh A, Sonnhammer E (2005) An HMM posterior decoder for

sequence feature prediction that includes homology information. Bioinformatics

21: (Suppl 1): i251–i257.

53. Emanuelsson O, Nielsen H, Brunak S, von Heijne G (2000) TargetP 1.1 Server.

Predicting subcellular localization of proteins based on their N-terminal amino

acid sequence. Journal of Molecular Biology 300: 1005–1016.

54. Crooks GE, Hon G, Chandonia JM, Brenner SE (2004) WebLogo: a sequence

logo generator. Genome Research 14: 1188–1190.

55. Voolstra CR, Sunagawa S, Schwarz JA, Coffroth MA, Yellowlees D, et al.

(2009) Evolutionary analysis of orthologous cDNA sequences from cultured and

symbiotic dinoflagellate symbionts of reef-building corals (Dinophyceae:

Symbiodinium). Comparative Biochemistry and Physiology, Part D: Genomics &

Proteomics 4: 67–74.

56. Durnford DG, Deane JA, Tan S, McFadden GI, Gantt E, et al. (1999) A

phylogenetic assessment of the eukaryotic light-harvesting antenna proteins, with

implications for plastid evolution. Journal of Molecular Evolution 48: 59–68.

57. Dittami S, Michel G, Collen J, Boyen C, Tonon T (2010) Chlorophyll-binding

proteins revisited - a multigenic family of light-harvesting and stress proteins

from a brown algal perspective. BMC Evolutionary Biology 10: 365.

58. Sanchez-Puerta MV, Bachvaroff TR, Delwiche CF (2005) The Complete Plastid

Genome Sequence of the Haptophyte Emiliania huxleyi: a Comparison to Other

Plastid Genomes. DNA Research 12: 151–156.

Symbiodinium LHCs

PLOS ONE | www.plosone.org 12 October 2012 | Volume 7 | Issue 10 | e47456



59. Moustafa A, Beszteri B, Maier UG, Bowler C, Valentin K, et al. (2009) Genomic

Footprints of a Cryptic Plastid Endosymbiosis in Diatoms. Science 324: 1724–
1726.

60. Eppard M, Krumbein WE, von Haeseler A, Rhiel E (2000) Characterization of

fcp4 and fcp12, two additional genes encoding light harvesting proteins of
Cyclotella cryptica (Bacillariophyceae) and phylogenetic analysis of this complex

gene family. Plant Biology 2: 283–289.
61. Tengs T, Dahlberg OJ, Shalchian-Tabrizi K, Klaveness D, Rudi K, et al. (2000)

Phylogenetic analyses indicate that the 19’hexanoyloxy-fucoxanthin-containing

dinoflagellates have tertiary plastids of haptophyte origin. Molecular Biology and
Evolution 17: 718–729.

62. Patron NJ, Waller RF, Keeling PJ (2006) A tertiary plastid uses genes from two
endosymbionts. Journal of Molecular Biology 357: 1373–1382.

63. Nosenko T, Bhattacharya D (2007) Horizontal gene transfer in chromalveolates.
BMC Evolutionary Biology 7: 173.

64. Lee DH, Mittag M, Sczekan S, Morse D, Hastings JW (1993) Molecular cloning

and genomic organization of a gene for luciferin-binding protein from the
dinoflagellate Gonyaulax polyedra*. Journal of Biological Chemistry 268: 8842–

8850.
65. Reynolds JM, Bruns BU, Fitt WK, Schmidt GW (2008) Enhanced photoprotec-

tion pathways in symbiotic dinoflagellates of shallow-water corals and other

cnidarians. Proceedings of the National Academy of Sciences 105: 13674–
13678.
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