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Abstract Fucoxanthin chlorophyll a/c-binding protein

(FCP) is a unique light-harvesting apparatus in diatoms.

Several biochemical characteristics of FCP oligomer and

trimer from different diatom species have been reported

previously. However, the integration of information about

molecular organizations and polypeptides of FCP through a

comparison among diatoms has not been published. In this

study, we used two-dimensional clear-native/SDS-PAGE

to compare the oligomeric states and polypeptide compo-

sitions of FCP complexes from four diatoms: Chaetoceros

gracilis, Thalassiosira pseudonana, Cyclotella meneghini-

ana, and Phaeodactylum tricornutum. FCP oligomer was

found in C. gracilis, T. pseudonana, and C. meneghiniana,

but not in P. tricornutum. The oligomerization varied

among the three diatoms, although a predominant subunit

having similar molecular weight was recovered in each

FCP oligomer. These results suggest that the predominant

subunit is involved in the formation of high FCP oligo-

merization in each diatom. In contrast, FCP trimer was

found in all the diatoms. The trimerizations were quite

similar, whereas the polypeptide compositions were

markedly different. On the basis of this information and

that from mass spectrometric analyses, the gene products in

each FCP complex were identified in T. pseudonana and

P. tricornutum. Based on these results, we discuss the role

of FCP oligomer and trimer from the four diatoms.

Keywords CN-PAGE � FCP oligomer �
FCP trimer � MS analysis

Abbreviations

Chl Chlorophyll

Cg Chaetoceros gracilis

Cm Cyclotella meneghiniana

FCP Fucoxanthin chlorophyll a/c-binding protein

MS Mass spectrometric

Pt Phaeodactylum tricornutum

PS Photosystem

Tp Thalassiosira pseudonana

Introduction

Diatoms are unicellular photosynthetic eukaryotes found

throughout the world’s oceans and freshwater environments

(Field et al. 1998). They are ecologically important for their
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high abundance in aquatic environments, accounting for up

to one quarter of global primary productivity (Falciatore and

Bowler 2002). Their successful prosperity is partly because

of their light-harvesting strategies. Diatoms have a unique

light-harvesting apparatus, fucoxanthin chlorophyll (Chl)

a/c-binding protein (FCP). FCP shows sequence similarity

with light-harvesting Chl a/b-binding protein (LHC) of

green plants, but pigment compositions differ significantly

(Green and Pichersky 1994). Briefly, FCP possesses Chl c as

antennae Chl. Fucoxanthin is a major light-harvesting

carotenoid. Diadinoxanthin and diatoxanthin are minor

carotenoids involved in diadinoxanthin cycle, which is a

type of xanthophyll cycle (Lohr and Wilhelm 1999). These

pigments can absorb blue-green spectral components

(450–580 nm), which remain even in deep water layers

(Depauw et al. 2012). Since diatoms have developed such an

excellent light harvesting system, their evolution resulted in

successfully occupying ecological niches in aquatic

environments.

Molecular organization and polypeptide compositions

of FCP complexes have been characterized in four diatom

species. Cyclotella meneghiniana is a freshwater centric

diatom whose FCPs have been well characterized in

recent years. C. meneghiniana contains two FCP com-

plexes, namely the trimeric FCPa and oligomeric FCPb.

The two FCP complexes are composed of different

polypeptides but are spectroscopically rather similar

(Büchel 2003; Beer et al. 2006; Gildenhoff et al. 2010).

Thalassiosira pseudonana and Phaeodactylum tricornu-

tum are marine centric and pennate diatoms, respectively.

Whole genome sequences are available for these two

diatoms (Armbrust et al. 2004; Bowler et al. 2008).

T. pseudonana contains oligomeric and trimeric FCP

complexes, whereas P. tricornutum contains only a tri-

meric FCP complex (Grouneva et al. 2011). Chaetoceros

gracilis is a marine centric diatom and is a good model

for study on the diatom photosystem II (PSII) (Nagao

et al. 2007, 2010a, b, 2013a; Okumura et al. 2008). We

recently reported the isolation of oligomeric FCP-A and

trimeric FCP-B/C complexes from C. gracilis (Nagao

et al. 2012). The two complexes were composed of dif-

ferent polypeptides and showed different spectroscopic

properties (Nagao et al. 2012, 2013b). Although the bio-

chemical characterization of FCPs has been established

for each diatom, it remains unclear whether the oligo-

meric states and polypeptide compositions of FCP com-

plexes are similar among the diatom species.

In the present study, we compared oligomeric states and

polypeptide compositions of FCP complexes among the

four diatoms: C. gracilis, T. pseudonana, C. meneghiniana,

and P. tricornutum. FCP complexes were isolated by clear-

native PAGE (CN-PAGE) after solubilizing thylakoid

membranes from each diatom. The oligomerization and

polypeptides of FCPs differed markedly. The information

regarding diatom FCPs was unified for the first time in this

report.

Materials and methods

Cultures

Cells of the marine centric diatom C. gracilis Schütt

(UTEX LB 2658; termed Chaetoceros in the text) were

grown in artificial seawater at 298 K under continuous

illumination at 30 lmol photons m-2 s-1 with air bub-

bling, as described previously (Nagao et al. 2007, 2010b).

Cells of the marine centric diatom T. pseudonana (CCMP

1335; termed Thalassiosira in the text) and the pennate

diatom P. tricornutum (CCMP2561; termed Phaeodacty-

lum in the text) were grown in the same seawater with

Chaetoceros at 291 K under continuous illumination at

30 lmol photons m-2 s-1 with stirring and air bubbling for

10–11 days. Cells of the freshwater centric diatom C. me-

neghiniana (SAG strain 1020-1a; termed Cyclotella in the

text) were grown in CSi medium at 291 K under continu-

ous illumination at 30 lmol photons m-2 s-1 with stirring

and air bubbling for 10–11 days (Ichimura 1971). The

grown cells were harvested by filtration using a Pellicon

system (Millipore, USA) and collected by centrifugation at

8,0009g for 10 min. The cells were suspended in a med-

ium containing 1 M betaine and 50 mM MES–NaOH (pH

6.5) (buffer A) and then immediately frozen by liquid

nitrogen and stored at 193 K.

Isolation of thylakoid membranes

Isolation was performed at 277 K unless otherwise indi-

cated. Thylakoid membranes of Chaetoceros were isolated

as described previously (Nagao et al. 2007, 2010b). The

cells of Thalassiosira, Phaeodactylum, and Cyclotella were

loaded into a pre-chilled Bead-Beater chamber (Bio-Spec

Products) and glass beads (100-lm diameter) were added

to give a 1:10 ratio (w/w) of glass beads to cell suspension.

The cells were then broken with 19 break cycles, each

cycle consisting of 10 s of homogenization followed by

3 min of cooling. After centrifugation at 8,0009g for

10 min to discard unbroken materials, the thylakoid

membranes were collected by centrifugation at

40,0009g for 10 min. The membranes were suspended in

buffer A and Chl concentrations (Chls a and c) were

determined in 90 % acetone using the equation of Jeffrey

and Humphrey (1975). The thylakoids were immediately

frozen by liquid nitrogen and stored at 193 K.
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Two-dimensional CN/SDS-PAGE

CN-PAGE was performed as described (Nagao et al. 2012)

with some modifications. Thylakoid membranes were sol-

ubilized with 4 % n-dodecyl-b-D-maltoside at 1.0 mg Chl

ml-1 for 10 min on ice in the dark. After centrifugation at

40,0009g for 10 min, the supernatant was applied to a

4–18 % polyacrylamide gel. Each sample containing 5 lg

Chl was loaded in a separate lane. A standard molecular

marker (NativeMarkTM; Invitrogen, USA) was used.

Electrophoresis was performed at 277 K in electrophoresis

buffers containing 25 mM imidazole (pH 7.0) as the anode

buffer, and 50 mM Tricine, 7.5 mM imidazole, 0.02 %

sodium deoxycholate, and 0.02 % (w/v) Triton X-100 as

the cathode buffer.

For two-dimensional CN/SDS-PAGE, CN-PAGE lanes

or bands were cut out and denatured using 2 % lithium

lauryl sulfate and 2 % 2-mercaptoethanol in buffer A at

298 K for 30 min, and then subjected to SDS-PAGE using

19 % acrylamide and 7.5 M urea. The two-dimensional gel

was stained with silver (Aro et al. 2005) or Coomassie

Brilliant Blue R-250. A standard molecular marker (LMW

Marker; GE Healthcare, UK) was used in SDS-PAGE.

Mass spectrometric analysis

A protein band of FCP obtained by SDS-PAGE was

reduced by incubation with 50 mM dithiothreitol for 2 h,

then alkylated by 110 mM acrylamide for 30 min at 298 K.

After washing the gel, the protein band was digested using

sequencing grade modified trypsin (Promega, USA) at

310 K overnight. An aliquot of the digest was analyzed by

nano LC–MS/MS using LCQ Deca XP (Finnigan, USA).

The peptides were separated using a nano ESI spray col-

umn (100 lm i.d. 9 375 lm o.d.) packed with a reversed-

phase material (Inertsil ODS-3, 3 lm, GL Sciences, Japan)

using a gradient of 1–60 % acetonitrile gradient containing

0.75 % formic acid at a flow rate 400 nl min-1. The mass

spectrometer was operated in the positive ion mode and the

spectra were acquired in a data-dependent MS/MS mode.

The MS/MS spectra were searched against an in-house

database containing T. pseudonana and P. tricornutum

protein sequences using an in-house Mascot server (ver-

sion: 2.3, Matrix Sciences, UK). The parameters used for

database searching of the MS/MS spectra were as follows:

type of search, MS/MS ion search; enzyme, trypsin; fixed

modifications, propionamide (C); variable modifications,

oxidation (M), Gln- [ pyro-Glu (N-term Q), acetyl (pro-

tein N-term), formyl (protein N-term); mass values,

monoisotopic; peptide mass tolerance, ±2 Da; fragment

mass tolerance, ±0.8 Da; max missed cleavages, 2;

instrument type, ESI-Trap. If peptide assignments passed

this scoring filter, the corresponding MS/MS spectra were

manually evaluated. Manual data assignment is effective

for identifying unexpected fragmentation peptides.

Results and discussion

Distribution of pigment–protein complexes

Pigment–protein complexes were separated by CN-PAGE

from the four diatoms—Chaetoceros, Thalassiosira, Cy-

clotella, and Phaeodactylum (Fig. 1), and polypeptide

compositions were resolved by two-dimensional CN/SDS-

PAGE (Fig. 2). In Chaetoceros, the distribution of protein

complexes was consistent with the previous results (Nagao

et al. 2012). In the present study, the complexes were

renamed as PSI, PSII dimer (PSIID), PSII monomer

(PSIIM), FCP oligomer (FCPO), and FCP trimer (FCPT).

On the basis of the results of Chaetoceros, we identified the

pigment–protein complexes in the other three diatoms. The

five protein complexes were also detected in Thalassiosira

and Cyclotella, whereas only four protein complexes,

namely PSI, PSIID, PSIIM, and FCPT, were detected in

Phaeodactylum. The assignment of PSI and PSII were done

from their mobility on electrophoresis, and it was almost

same as the previous report (Grouneva et al. 2011). The

assignment of PSII complexes was also confirmed by

fluorescence analysis (data not shown), although a small

amount of PSII monomer can be seen in Chaetoceros.
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Fig. 1 Distribution of pigment–protein complexes by CN-PAGE. Cg,

Tp, Cm, and Pt stand for C. gracilis, T. pseudonana, C. meneghiniana,

and P. tricornutum, respectively. Representative bands are PSI

(squares), PSIID (circles), PSIIM (closed circles), FCPO (triangles),

and FCPT (closed triangles)
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FCPT was found in all the four diatoms. Their molecular

weights and brown colors resembled to some extent,

although the FCPT bands became deformed from the effect

of the detergent on the bottom of the gel. This suggests that

trimeric FCP complexes are conserved in diatoms.

In contrast, FCPO was found in Chaetoceros, Thalassi-

osira, and Cyclotella, but it was not found in Phaeodactylum

(Fig. 1). The molecular weight of FCPO of Chaetoceros was

slightly higher than those of Thalassiosira and Cyclotella.

The molecular weight of FCPO of Thalassiosira was very

similar to that of Cyclotella. These results suggest that

oligomeric FCP complexes have a wide variety of its olig-

omerization. The molecular weight of subunit in FCPO was

higher than that in FCPT (Fig. 2). However, such a higher

molecular band, corresponding to the subunit in FCPO, could

not be detected from Phaeodactylum in the two-dimensional

PAGE, indicating that the high molecular weight FCP sub-

unit is originally absent in Phaeodactylum, regardless of the

effect of strict detergent and the condition of electrophoresis.

In the other complexes, the molecular weights and green

colors of PSIID and PSIIM were similar among the four

diatoms, but those of PSI differed remarkably. Since it is

known that PSI complexes are monomeric in diatoms (Veith

and Büchel 2007), the binding patterns of FCPs to the

monomeric PSI complexes appear to be different among the

diatoms. Actually, the polypeptide compositions in the PSI

fraction were distinctly different among Chaetoceros, Tha-

lassiosira, Cyclotella, and Phaeodactylum (Fig. 2). This

result was consistent with those of the previous studies in

Chaetoceros (Nagao et al. 2007; Ikeda et al. 2008), Tha-

lassiosira (Grouneva et al. 2011), and Cyclotella (Veith et al.

2009). In Phaeodactylum, however, PSI was detected near

PSIIM in CN-PAGE (Fig. 1); FCP subunits were hardly

found in the PSI fraction by two-dimensional PAGE (Fig. 2).

Since the monomeric PSI complex is near to the position of

the monomeric PSII complex in native PAGE (Watanabe

et al. 2011), FCPs may be dissociated from PSI complexes in

Phaeodactylum. This is in agreement with the previous study

(Berkaloff et al. 1990), whereas it is inconsistent with the

other studies (Veith and Büchel 2007; Grouneva et al. 2011).

The differences seem to occur by strict detergent concen-

tration in addition to other biochemical condition. If high

concentrated detergent is used for the solubilization of thy-

lakoids or the treatment of PSI fraction, the tightly bounded

FCP is likely removed from PSI. This is in good agreement

with the recent biochemical study that showed the effect of

excess detergent on the removal of FCP from PSI (Ikeda et al.

2013). These findings are indicative of a species-dependent

variation in the distribution of FCP complexes in diatoms.

Comparison of polypeptide compositions of FCP

complexes

In this study, we focused on the polypeptide compositions

of FCPs in the four diatoms. Figure 3 shows the compar-

ison of FCP subunits in each FCP complex, with addition
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Fig. 2 Identification of pigment–protein complexes by two-dimen-

sional CN/SDS-PAGE

284 Photosynth Res (2013) 117:281–288

123



of sample numbers (Nos. 1–10). FCPO of Chaetoceros was

mainly composed of FCP-A, which corresponded with our

previous results (Nagao et al. 2012). FCPO of Thalassi-

osira was composed of one subunit, which had a similar

molecular weight with FCP-A. The subunit (No. 1) was

identified as Lhcf8 by MS analysis (Table 1). FCPO of

Cyclotella was also composed of one subunit (No. 5),

which had a similar molecular weight with FCP-A and

Lhcf8. The subunit in FCPO of Cyclotella appears to be a

product of the fcp5 gene (Beer et al. 2006). These results

suggest that similar predominant subunits are involved in

the formation of high oligomerization of FCP in each

diatom.

FCPT of Chaetoceros was mainly composed of FCP-

B/C, which corresponded with our previous results (Nagao

et al. 2012). FCPT of Thalassiosira was composed of three

bands: the first (No. 2) had a similar molecular weight with

FCP-A, the second (No. 3) had a slightly higher molecular

weight than FCP-B, and the third (No. 4) had a slightly

higher molecular weight than FCP-C but it was a minor

component. The first band was identified as Lhcf1 and

Lhcf8; the second as Lhcf1, Lhcf3, Lhcf4, Lhcf5, Lhcf8/9,

and Lhcx6_1; and the third as Lhcf1, Lhcf3, Lhcf6, Lhcf7,

Lhcf11, and two FCP-related proteins (Table 1). In Cy-

clotella, the polypeptide compositions of FCPT were very

similar to those in Thalassiosira. The first band (No. 6)

appeared to be a product of the fcp6/7 genes and the second

(No. 7) appeared to be a product of the fcp1-3 genes (Beer

et al. 2006), although a possible candidate of the third (No.

8) was not found. FCPT of Phaeodactylum was composed

of a major subunit (No. 9) and a minor subunit (No. 10).

The major subunit had a similar molecular weight with

FCP-B and was identified as Lhcf1, Lhcf2, Lhcf3/4, Lhcf4,

Lhcf5, Lhcf8, Lhcf10, Lhcf11, Lhcr2, Lhcr4, Lhcr12, and

two FCP-related proteins (Table 2). The minor subunit had

a similar molecular weight with FCP-C and was identified

as Lhcf1, Lhcf2, Lhcf4, Lhcf5, Lhcf8, Lhcf11, Lhcf14,

Lhcf16, Lhcr1, Lhcr3, Lhcr13, and one FCP-related protein

(Table 2). These results suggest that trimeric FCP com-

plexes have a variety of polypeptide compositions,

although the trimerizations were quite similar.

Three main groups of FCPs can be distinguished in

diatoms: Lhcf, Lhcr, and Lhcx. The Lhcf family consists of

major light-harvesting proteins, the Lhcr family is thought

to function as PSI antennae, and the Lhcx family is

involved in non-photochemical quenching of Chl excita-

tion, with high similarity to the LI818 or LhcSR proteins of

the green alga Chlamydomonas reinhardtii. Since whole

genome sequences have been elucidated in Thalassiosira
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Fig. 3 Comparison of FCP subunits in FCP oligomer and trimer.

FCP-A, -B, and -C are represented by the letters A, B, and C,

respectively. The numbers 1–10 are the subunit numbers of FCPs,

consistent with those in Tables 1 and 2

Table 1 Proteins identified by MS analyses of the FCP complexes

from T. pseudonana

Sample

No.a
Protein ID

(NCBI)

Protein

description

Mascot

score

Number

of

matched

peptides

Protein

sequence

coverage

(%)

1 220973559 Lhcf8 124 13 26

2 220973559 Lhcf8 106 7 28

2 1778745 3HfcpA

(Lhcf1)b

64 2 20

3 220969526 Lhcf1 145 9 36

3 220969628 Lhcf5 143 12 49

3 220969284 Lhcf4 89 3 13

3 220969454 Predicted

(Lhcf3)b

81 3 12

3 209583609 Lhcx6_1 69 3 12

3 1778747 3HfcpB

(Lhcf8/9)b

66 2 10

4 220969454 Predicted

(Lhcf3)b

126 13 32

4 220975340 Lhcf7 86 2 13

4 220968035 Hypothetical 72 2 12

4 220968024 LhcA 67 1 11

4 220975837 Lhcf6 57 4 18

4 220977139 Lhcf11 53 1 5

4 220969526 Lhcf1 52 2 20

We observed other minor component such as FtsH and

metalloprotease
a Consistent with the number of FCP subunits shown in Fig. 3
b Identified by searching the JGI database of T. pseudonana (http://

genomeportal.jgi-psf.org/Thaps3/Thaps3.home.html)
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and Phaeodactylum (Armbrust et al. 2004; Bowler et al.

2008), we could identify the gene products in the FCP

complexes of the two diatoms. In Thalassiosira, Lhcf8 was

detected in the predominant subunit of the FCP oligomer.

This result corresponded with that of a previous study

(Grouneva et al. 2011). No Lhcr proteins were detected in

the FCP oligomer and trimer, as before. However, the gene

products of Lhcf and Lhcx in the FCP trimer were

markedly different from those found in the previous study:

Lhcf3 and Lhcf11 were found in the present study, whereas

no Lhcf2, Lhcx1, Lhcx2, and Lhcx4 were found. FCP gene

expressions are required for light irradiation (Leblanc et al.

1999; Nagao et al. 2013a), and the patterns of protein

expression vary easily in response to light intensities

(Gundermann and Büchel 2012; Gundermann et al. 2013).

Therefore, the growth-light condition of diatom cells is of

importance for the transcription and translation of FCPs. In

the present study, we used continuous low light for cell

growth, whereas Grouneva et al. (2011) used a light/dark

cycle. These findings suggest that the different protein

expressions of Lhcf and Lhcx in the FCP trimers are due to

the different growth-light conditions between the two

studies, although we cannot exclude the possibility of the

differences in FCP preparation and MS analysis. This is in

agreement with the previous study that showed the vari-

ability of polypeptide compositions in the FCP trimer of

Phaeodactylum (Gundermann et al. 2013).

In Phaeodactylum, Lhcf and Lhcr proteins were detec-

ted in the predominant subunits of the FCP trimer. Some

reports have described the proteomic analysis of FCPT of

Phaeodactylum (Lepetit et al. 2007, 2010; Grouneva et al.

2011; Gundermann et al. 2013). No Lhcr proteins were

detected in any of the studies. However, the studies showed

different Lhcf proteins compared with our results. The

differences seem to be partly caused by the different

growth-light conditions, as described above. Intriguingly,

Grouneva et al. (2011) have described that Lhcr1, Lhcr2,

Lhcr3, Lhcr4, Lhcr12, and Lhcr13 have been identified in

the PSI fraction but not the FCPT fraction by blue-native

PAGE, supporting the idea that some FCP subunits are

dissociated from the PSI complex by the effect of strict

detergent concentration.

Here again, we highlight the comparison of FCP com-

plexes from the four diatoms. We were particularly inter-

ested in the biochemical properties of the FCP oligomer

rather than the FCP trimer. The oligomerization of FCP

varied among the three diatoms and was absent in Phae-

odactylum; however, the polypeptide composition of FCPO

was quite similar in the three diatoms. The major subunit in

FCPO of Thalassiosira, Lhcf8, belongs to the Lhcf family

and is most probably involved in light harvesting. Since

Fcp5 in FCPO of Cyclotella has homology to Lhcf8

(Gundermann and Büchel 2012), it appears to be involved

in light harvesting. Gundermann and Büchel (2008, 2012)

have proposed that the oligomeric FCP complex (termed

FCPb) in Cyclotella lacks the photoprotection mechanism

called non-photochemical quenching and is responsible for

pure light harvesting. However, we revealed that the FCP

complexes in Chaetoceros, such as FCP oligomer and tri-

mer, have a high excitation energy quenching system in

addition to light-harvesting system (Nagao et al. 2013b).

Table 2 Proteins identified by MS analysis of the FCP complex from

P. tricornutum

Sample

No.a
Protein ID

(NCBI)

Protein

description

Mascot

score

Number

of

matched

peptides

Protein

sequence

coverage

(%)

9 217410753 Lhcf4 367 22 43

9 217406180 Lhcf10 363 24 42

9 1778739 Ptfcp121

(Lhcf3/4)b

354 8 65

9 313116 FcpF

(Lhcf11)b

278 24 42

9 313115 FcpE

(Lhcf5)b

163 25 43

9 217405731 Lhcf8 151 16 26

9 395366 FcpB

(Lhcf2)b

104 11 35

9 217407071 Deviant 75 3 12

9 217411656 Lhl1 68 3 15

9 217411392 Lhcr12 64 4 11

9 20941 Fcp1

(Lhcf1)b

60 9 22

9 217411920 Lhcr4 50 2 13

9 217404845 Lhcr2 44 2 5

10 395366 FcpB

(Lhcf2)b

176 14 26

10 20941 Fcp1

(Lhcf1)b

146 16 29

10 20945 Fcp3

(Lhcf5)b

145 13 29

10 217410753 Lhcf4 110 10 33

10 217410359 Lhcr1 97 6 23

10 217405210 Deviant 96 3 20

10 209583056 Lhcf14 80 4 10

10 217405731 Lhcf8 72 12 53

10 217409627 Lhcf16 52 1 6

10 217410904 Lhcr3 49 1 4

10 313116 FcpF

(Lhcf11)b

47 7 19

10 217406290 Lhcr13 46 2 10

a Consistent with the number of FCP subunits shown in Fig. 3
b Identified by searching the JGI database of P. tricornutum (http://

genome.jgi-psf.org/Phatr2/Phatr2.home.html)
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The quenching of FCP complexes was greater than that of

the LHC associated with PSII (LHCII) (Nagao et al.

2013b). These findings suggest that FCP oligomer plays a

different role in light harvesting and excitation energy

quenching among diatom species.

Diatoms are roughly classified into two groups: centric

and pennate. Chaetoceros, Thalassiosira, and Cyclotella

are centric diatoms, whereas Phaeodactylum is a pennate

diatom. This may suggest that FCP oligomer is not present

in this pennate diatom. Gundermann et al. (2013) also

showed this possibility. If so, the light harvesting and

excitation energy quenching strategies would be different

between centric and this pennate diatoms. To prove this

hypothesis, we designed the spectroscopic analyses using

the CN-PAGE gel. We are currently conducting studies to

elucidate the differences in light harvesting and excitation

energy quenching among the FCP complexes of the four

diatom species by time-resolved spectroscopic analysis.
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