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In photosynthesis, light energy is captured by pigments bound to light-har-

vesting antenna proteins (LHC) that then transfer the energy to the photo-

system (PS) cores to initiate photochemical reactions. The LHC proteins

surround the PS cores to form PS-LHC supercomplexes. In order to adapt

to a wide range of light environments, photosynthetic organisms have

developed a large variety of pigments and antenna proteins to utilize the

light energy efficiently under different environments. Diatoms are a group

of important eukaryotic algae and possess fucoxanthin (Fx) chlorophyll a/c

proteins (FCP) as antenna which have exceptional capabilities of harvesting

blue-green light under water and dissipate excess energy under strong light

conditions. We have solved the structure of a PSII–FCPII supercomplex

from a centric diatom Chaetoceros gracilis by cryo-electron microscopy,

and also the structure of an isolated FCP dimer from a pennate diatom

Phaeodactylum tricornutum by X-ray crystallography at a high resolution.

These results revealed the oligomerization states of FCPs distinctly differ-

ent from those of LHCII found in the green lineage organisms, the detailed

binding patterns of Chl c and Fxs, a huge pigment network, and extensive

protein–protein, pigment–protein, and pigment–pigment interactions within

the PSII–FCPII supercomplex. These results therefore provide a solid

structural basis for examining the detailed mechanisms of the highly effi-

cient energy transfer and quenching processes in diatoms.

Introduction

Photosynthetic light-energy conversion is achieved by

two multi-subunit membrane protein complexes called

photosystem I (PSI) and PSII in oxygenic organisms,

and by reaction center complexes in anoxygenic photo-

synthetic bacteria and heliobacteria. Among the two

PS, PSII catalyzes light-induced water splitting, leading

to the generation of molecular oxygen and conversion

of light energy to chemical energy [1–3]. To cope with

the various light environments where different photo-

synthetic organisms inhabit, different types and num-

bers of light-harvesting antenna proteins are attached

to the PSII core to enhance the light-harvesting and
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energy-quenching capacities [2,4–10]. The pigments

involved in energy harvesting are bacteriochlorophylls

in anoxygenic photosynthetic bacteria [11–13], and

mainly chlorophylls (Chl) a/b and various carotenoids

in oxygenic photosynthetic organisms [8,10].

Diatoms are one of the important groups of oxy-

genic photosynthetic organisms, because they con-

tribute around 20% of the global or 40% of the

aquatic net primary production and hence play an

important role in global carbon cycling [14]. Diatoms

possess a huge family of light-harvesting antennae

known as fucoxanthin (Fx) Chl a/c-binding proteins

(FCPs), which surround the cores of both PSI and

PSII to form PS-fucoxanthin (Fx) chlorophyll a/c pro-

tein (FCP) supercomplexes, where FCPs serve to har-

vest and transfer the solar energy to the PS cores

[8,15,16]. Chl c and Fx associated with FCPs have

unique light absorption properties different from those

of Chl b, b-carotene (Bcr), and lutein found in the

green lineage photosynthetic organisms. Chl c does not

possess the phytol tail seen in Chl a/b, but has a con-

jugated system at its protoporphyrin ring that is pro-

longed to its propionic acid tail, which greatly

enhances its absorption at the blue-green light region

(460–510 nm) [17]. On the other hand, Fx has a

shorter conjugated system different from that seen in

luteins and Bcr, which confers FCPs the ability to har-

vest green light (510–560 nm) [8,15,16]. These specific

pigments are important for the light harvesting of dia-

toms and other related algae, because more blue-green

photons are available under water. In addition, a dia-

toxanthin–diadinoxanthin (Ddx) cycle is found in the

FCP antennae which functions in quenching the excess

energy under strong light conditions [7,8]. The de-

epoxidation and epoxidation enzymes functioning in

this cycle may be more sensitive to pH changes in the

lumen than that of the enzymes involved in the zeax-

anthin–violaxanthin cycle of green algae and higher

plants, conferring diatoms with a higher ability of non-

photochemical quenching (NPQ). This is another

important feature of FCPs, since diatoms experience a

more dynamic, fluctuating light environment in water

due to the continuous flow and mixing of water layers,

which would require a more robust system to protect

diatoms from photodamage. The outstanding ability

of FCPs in absorbing blue-green light and in dissipat-

ing excess energy may constitute one of the major rea-

sons for diatoms to survive successfully in the aquatic

environment [7,8,10,11].

The FCPII proteins associated with the PSII core of

diatoms consist of products encoded by the lhcf gene

family as well as some subunits encoded by lhcx genes

which are involved in photoprotection [15,16]. All of

these proteins share some sequence identities with the

light-harvesting complexes (LHCs) from green algae

and higher plants; however, significant differences are

found in some regions of their sequences as well as

their structures (see below).

The main state of FCPIIs around PSII core is previ-

ously suggested as trimer based on the LHCII trimer

structure of green lineage organisms [15,18]. However,

we isolated a homodimeric FCP from a pennate dia-

tom Phaeodactylum tricornutum and solved its crystal

structure at a high resolution [19]. This dimer is

encoded by an lhcf4 gene and may be one of the

important forms of FCP existing around the PSII core.

Additionally, FCPs can form some larger oligomers

consisting of at least five subunits [15,16]. The large

variability in the composition and oligomeric states of

FCP allows a much more flexible light-harvesting

antenna system in the peripheral region of the PSII

core in diatoms and related algae, giving rise to a

much more dynamic nature of the antenna system in

these algae.

To understand the oligomeric state, organization of

protein subunits, and the exact composition and distri-

bution of pigments and other cofactors in the PSII

core and its complex with antenna proteins, several

PSII structures from cyanobacteria, red alga, green

alga, and higher plants have been solved by cryo-elec-

tron microscopy (cryo-EM) and X-ray crystallography

[1–5,20]. In particular, single-particle cryo-EM analysis

has provided a powerful tool to unravel the organiza-

tion of several PSII–LHC and PSI–LHC supercom-

plexes from different lineages of organisms from

cyanobacteria to green algae and higher plants

[2,4,5,21–24]. The structure of PSII–FCPII from dia-

toms, however, was solved only recently [25,26], and a

high-resolution crystal structure of an isolated FCP

dimer was also reported recently [19]. These studies

revealed the oligomeric states and organization of

FCPII subunits around the PSII core, the distribution

and detailed binding environments of Chls c and Fxs,

and a huge pigment–protein network within the PSII–
FCPII supercomplex, which enable us to examine the

excitation energy transfer and quenching pathways in

the diatom PSII–FCPII in a greater detail. We discuss

the structural organization of PSII–FCPII and their

functional implications in the following.

Overall structure of the PSII–FCPII
supercomplex

According to the symmetry of their siliceous cell walls,

diatoms are divided into two groups, namely pennate

and centric groups. Genome and peptide analyses
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show that the pennate and centric diatoms have differ-

ent composition of Lhcf subunits in thylakoid mem-

branes [15,16,19]. In the centric diatom

Chaetoceros gracilis, FCPII exists mainly in three types

designated FCP-A, FCP-B, and FCP-C [27]. The

structure of a PSII–FCPII supercomplex with FCP-A

as the dominant antenna was analyzed up to 3.0 �A

resolution by cryo-EM [25,26]. Surprisingly, the struc-

ture shows that the major FCP exists in a tetramer

(Fig. 1A,B), and there are two FCP tetramers associ-

ated with the PSII core; one is directly associated with

the core at the CP47 side and designated strongly asso-

ciated tetramer [S-tetramer (ST)], whereas the other

one is associated with the PSII core indirectly at the

CP43 side through two FCP monomers, FCP-D and

FCP-E, and hence designated moderately associated

tetramer [M-tetramer (MT)]. In addition, three FCP

monomers are associated with each PSII core, among

which FCP-F is associated at the periphery region of

MT, and FCP-D and FCP-E are associated with the

core directly at positions resembling that of CP29 and

CP26, respectively, in PSII–LHCII supercomplexes of

the green lineage organisms [2,4,5]. Thus, a total of 11

FCP subunits are associated with each PSII core.

The whole PSII–FCPII supercomplex is organized in

a dimer, within which the structure of PSII core is lar-

gely similar to that from cyanobacteria to higher

plants [1–5,20,28]. However, there are some notable

features of the diatom PSII core different from that of

cyanobacterial and higher plant PSII. The diatom PSII

core is composed of 19 membrane-spanning subunits

and five extrinsic proteins. Among the membrane-

spanning subunits, PsbG and Psb34 are newly found

and located in a marginal region of the core that is

interacting with the FCP ST directly (Fig. 1A). The

identity of these two subunits is not clear, but a sub-

unit in the same position as Psb34 is also found in a

red algal PSII core [20].

Among the five extrinsic proteins located at the

lumenal side of the diatom PSII core, three (PsbO,

PsbU, and PsbV) are commonly found in the

cyanobacterial and red algal PSII [1,20,28], and one

(PsbQʹ) is found in the red algal PSII [20] but not in

the cyanobacterial and higher plant PSII. The fifth

one, Psb31, is unique to the diatom PSII [29,30]. No

homologous sequences of Psb31 are found in other lin-

eages of photosynthetic organisms, but its overall

structure is similar to that of PsbQʹ with a characteris-

tic four-helix bundle (Fig. 1C). This may suggest a

similar structural and/or functional role of Psb31 with

PsbQʹ in protecting the Mn4CaO5 cluster from attack

by outside reagents [31,32]. The binding site of Psb31

in diatom PSII is similar to the site of PsbTn in PSII–

LHCII [2]. Some of the residues at the long C-terminal

loop of Psb31 participate in a hydrogen-bond network

starting from the Mn4CaO5 cluster and mediated by

Yz/D1-H190 [1,3,25]. Thus, Psb31 may function to

optimize the proton excretion process for water split-

ting.

The PSII–FCPII dimer supercomplex contains 230

Chls a, 58 Chls c, 4 pheophytins, 124 Fxs, 20 Bcrs,

and 2 Ddxs, as well as some other cofactors involved

in the electron transfer chain [25,26]. In addition, 20

digalactosyl diacylglycerol (DGDG), 42 monogalacto-

syl diacylglycerols (MGDG), 16 sulfoquinovosyl dia-

cylglycerol (SQDG), and 30 phosphatidylglycerol (PG)

molecules are found in a PSII–FCPII dimer; these

lipids are mostly distributed in the interfaces between

subunits (Fig. 1D), suggesting their roles in mediating

subunit interactions. These cofactors, together with 70

protein subunits, give rise to a total molecular weight

of 1.4 MDa for the PSII–FCPII dimer.

The detailed binding environments of Chls c and

Fxs in FCP are visualized from a higher resolution

(1.8 �A) structure of an isolated FCP subunit from a

pennate diatom P. tricornutum analyzed by X-ray crys-

tallography [19]. This structure showed that the iso-

lated FCP exists in a dimeric form (Fig. 1E), which is

encoded by the lhcf4 gene. Each FCP monomer con-

tains seven Chls a, two Chls c, seven Fxs, and one

Ddx. Compared with the pigments found in LHCI

and LHCII, the total number of Chls in FCP is much

smaller (the typical number of Chls in LHCI and

LHCII is 13–15), which may be a result of a smaller

polypeptide of FCP (18–23 kDa) in comparison with

that of LHCII (~ 27 kDa). However, the number of

Fxs is much larger (the typical number of Bcr is 3–5 in

LHCI and LHCII). This gives rise to a much higher

Fx/Chl ratio, which, together with the binding of Chl

c, provides the basis for the higher ability of FCP to

absorb blue-green light as well as to quench the excess

energy under a highly fluctuating light environment

under water.

Structures of FCP subunits and their
interactions

The overall structure of FCP is similar to that of

LHCI and LHCII in that they possess three typical

membrane-spanning helices (A, B, and C, respectively)

(Fig. 2). However, apparent differences are found in

some loop regions and the binding sites for pigments

between diatom FCPs and LHCI/LHCII subunits of

the green lineage organisms (Figs 2 and 3). There are

also some differences in the structures of the different

FCPs subunits. The main subunit in the FCP-A
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tetramer from centric C. gracilis has a slightly

extended C-terminal region with an additional helix D,

resulting in its higher molecular weight of around

22 kDa (Fig. 2A). Four FCP-A proteins are assembled

into a ‘head-to-tail’ manner similar to that found in

the LHCII trimer, but different from that of Lhcf4

dimer (Fig. 2E-G). The dominant interactions stabiliz-

ing the FCP-A tetramer are the tight A-C loop inter-

actions at the stromal side, leading to larger distances

between helix D and B-C loop of the adjacent FCP-A

monomer at the lumenal side. This results in a bowl

shape with its bottom oriented toward the stromal

side. The cavity formed at the lumenal side allows

coordination of one end group of Fx302/Fx307 and a

lipid molecule close to helix D. However, almost no

density was clearly observed in the central region of

the cavity [25], probably due to the insufficient local

resolution. In LHCII, an N-terminal ‘WYGPDR’

motif and a C-terminal Trp residue are found to be

crucial for the formation of the trimer by forming

hydrogen bonds between adjacent Lhcb monomers

[6,33]. However, this motif is absent in FCPs, and

characteristic monomer–monomer interactions within

the FCP-A tetramer are found between pigment–pig-
ment and pigment–proteins at both stromal and lume-

nal sides [25,26]. These interactions are different from

those found in the dimeric FCP and trimeric LHCII,

thus illustrating the different oligomerization states

and high flexibility of the protein subunits in the LHC

superfamily [6,19,25,26,33], which may be a result of

adaptation to fulfill their roles for light harvesting and

photoprotection in different light environments.

The FCP-D monomer in the PSII–FCPII supercom-

plex of C. gracilis mediates binding of the MT to

CP43 and also holds week interactions with the ST

from the adjacent PSII–FCPII monomer unit (Fig. 1A,

Fig. 1. Overall structures of the PSII–FCPII

supercomplex and a FCP dimer. (A)

Structure of the PSII–FCPII supercomplex

of C. gracilis viewed from the stromal side.

(B) Schematic representation of the FCP

subunit organization within the PSII–FCPII

supercomplex shown in panel (A). (C)

Comparison of the structures of PsbQʹ (light

blue) and Psb31 (yellow orange) from the

PSII–FCPII supercomplex of C. gracilis. (D)

Distributions of lipids in the PSII–FCPII.

MGDG, DGDG, SQDG, and PG are colored

as red, green, blue, and yellow-orange,

respectively. (E) Structure of the FCP dimer

from P. tricornutum. The figure is generated

with PyMOL (https://pymol.org/2/).

2194 The FEBS Journal 287 (2020) 2191–2200 ª 2019 Federation of European Biochemical Societies

Diatom PSII-FCPII supercomplex W. Wang et al.

https://pymol.org/2/


B). Therefore, this subunit may mediate interactions

and energy transfer from MT to the PSII core but also

between the two PSII–FCPII monomers in the PSII–
FCPII dimer. Interestingly, this FCP-D is an Lhca-like

subunit (Fig. 2B) and has the largest molecular weight

of around 25 kDa among FCPs; therefore, the nomen-

clature of pigments in this subunit is similar to those

in Lhca2 (Fig. 3C). The structures of FCP-D and

LHCI (Lhca2) are found to be similar in that both

have three carotenoid-binding sites and a typical Chl–
PG–Chl interaction pattern (Fig. 3C,D). Another

remarkable feature of FCP-D is its extremely long C-

terminal loop (Fig. 2B), which functions as a linker to

CP43 [25,26]. Although different from the N-terminal

loop of CP29 attached to CP47 at the stromal surface

(Fig. 2B,D), the long C-terminal loop of FCP-D

enables it to mediate interactions and energy transfer

between MT and the PSII core [25,26].

FCP-E and FCP-F monomers are suggested to be

Lhcf4-like subunits, among which FCP-E connects

the MT and intrinsic PsbZ (Fig. 1A). However, one

extra Chl a411 is found at the interface between

FCP-E and PsbZ that functions to mediate the

energy transfer from the MT to PSII core (Fig. 4).

FCP-F is located outside of MT and may also inter-

act with ST from the adjacent PSII–FCPII unit,

enabling it to mediate energy transfer between the

two PSII–FCPII monomers within the PSII–FCPII
dimer. These results suggest that the different FCP

subunits adopt different sequences and structures to

fulfill their different structural and functional roles in

PSII–FCPII. No LHCX subunits are identified in the

PSII–FCPII supercomplex structure. This may be due

to the insufficient resolution and/or loose association

of them with PSII, resulting in their loss during

purification.

Fig. 2. Structures of the individual subunits of FCP and their oligomerization states in comparison with those of LHC proteins. (A–D)

Structures of FCP-A and FCP-D from C. gracilis (25), Lhcf4 from P. tricornutum (19), and CP29 from Pisum sativum (2), respectively. Helices

A/B/C/D/E and C/N terminus in each subunit are labeled. (E) Structure of an FCP-A tetramer (25), showing monomer–monomer interactions

within the tetramer. Selected pigments and amino acids at a monomer–monomer interface are labeled. (F) Structure of an LHCII trimer (6).

Selected pigments and amino acids (including the ‘WYGPDR’ motif) at a monomer–monomer interface are labeled. (G) Structure of the

Lhc4 dimer (19). The figure is generated with PyMOL (https://pymol.org/2/).
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Lhcf4 that forms a dimer in the pennate diatom

P. tricornutum has a shorter helix C without the

hydrophilic helix D around its C-terminal loop

(Fig. 2C), giving rise to a lower molecular weight of

around 18.5 kDa. The large differences in the C-helix

between Lhcf4 and those of Lhca and Lhcb enable

Lhcf4 to form a homodimer through interactions

between the C-helices of two monomers, which are

mediated by two strong hydrogen bonds (Arg–Ser) at

the stromal side and extensive hydrophobic

Fig. 3. Comparisons of pigments between FCPs and LHCs. (A) Superposition of the structures of Lhcf4 (green cartoon) and LHCII (marine

cartoon). Color for the pigments: Chl a in Lhcf4: green; Chl a in LHCII: blue; Chl b in LHCII: wheat; and Chl c in Lhcf4: red. (B) Comparison

of carotenoids in Lhcf4 (green cartoon) and LHCII (marine cartoon). Fx, Ddx, lutein (Lut), neoxanthin (Nex), and xanthophyll cycle pigment

(XAT) are colored as purple, blue, cyan, yellow, and gray, respectively. (C) Comparisons of chlorophylls bound to FCP-D (green cartoon) and

Lhca2 (marine cartoon) [34]. Colors used are as follows: Chl a in FCP-D: green; Chl a in Lhca2: blue; Chl b in Lhca2: wheat; Chl c in Lhcf4:

red; PG in FCP-D: cyan; and PG in Lhca2: deep olive. (D) Comparisons of carotenoids bound to FCP-D (green cartoon) and Lhca2 (marine

cartoon). Fx, Ddx, lutein, Bcr, and XAT are colored as purple, blue, green, orange, and gray, respectively. The figure is generated with

PyMOL (https://pymol.org/2/).

2196 The FEBS Journal 287 (2020) 2191–2200 ª 2019 Federation of European Biochemical Societies

Diatom PSII-FCPII supercomplex W. Wang et al.

https://pymol.org/2/


interactions in the transmembrane region including

interactions between two Chls a406, two Ddx308, and

a number of hydrophobic residues (Fig. 2G) [19]. The

existence and location of the dimer in the centric dia-

toms are not clear; it may loosely associate at the out-

side of the PSII–FCPII supercomplex (Fig. 1B), as it is

easily dissociated and can be purified separately.

Binding features of chlorophylls and
carotenoids in FCPs

The properties of Chl c and Fxs in harvesting blue-

green light are not only determined by their character-

istics of the molecular conjugate systems, but also by

the protein environment they bind. High-resolution

structure of the Lhcf4 dimer showed that while the

binding sites of five Chls a in Lhcf4 are similar to

those in LHCII, two Chls a (a405 and a409) have dif-

ferent orientations and shifted positions as those in

LHCII (Fig. 3A) [6,19]. The two Chls c bind to sites

that are occupied by two Chls a in LHCII, whereas

the additional Chls a and b found in LHCII/LHCI are

lost in FCP (Fig. 3A). Among the seven Fxs found in

Lhcf4, two (Fx303 and Fx305) bind to the same sites

as two Luts in LHCII, whereas the remaining five Fxs

have different or new binding sites (Fig. 3B). The

binding environments for the two end groups of the

seven Fxs have different hydrophobicity, which can be

categorized into strong, medium, and low [19]. Since

the absorption properties of Fx are strongly affected

by the polarity of its solution, for example, the higher

polarity of the solution, the more redshift of its

absorption, the different binding sites confer seven Fxs

the ability of absorbing light in different regions, hence

enabling FCP to utilize the blue-green light in a wider

range [19]. In the crystal structure of the isolated FCP,

Fx303 and Fx305 bind to a highly hydrophobic envi-

ronment, suggesting that these two Fxs will absorb

rather ‘blue’ light. Fx301 and Fx302 have rather polar

pockets for their C-end groups and therefore may

absorb more ‘green’ light. Fx306 and Fx307 are close

to two Chl c molecules, with their C-end rings hydro-

gen-bonded to the two Chls c, suggesting their rather

hydrophilic environment and hence red-shifted absorp-

tion. Finally, Fx304 lies at the surface of the stromal

side with a higher hydrophilic environment for its two

end groups; hence, this Fx may have the most red-

shifted absorption among the seven Fxs [19].

The most important feature of FCP is its higher

ratio of Fxs/Chls, which brings close interactions

between Fxs and Chls within the protein matrix. In

fact, the higher resolution structure of Lhcf4 revealed

Fig. 4. Chlorophylls bound in one half of the

PSII–FCPII supercomplex. Chl a and Chl c

are colored in green and orange,

respectively, with a coupled Chl a dimer in

FCP-D shown in red. Two coupled Chl

clusters are encircled by red dashed lines,

and arrows show the energy transfer

pathways between FCPs and from FCPs to

the PSII core. The figure is generated with

PyMOL (https://pymol.org/2/).
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that every Chl a or Chl c is in close interactions with

one or more Fxs [19]. This allows efficient energy

transfer from Fxs to Chls and vice versa. The reverse

energy transfer from Chls to Fxs provides an efficient

way of dissipating excess energy, conferring FCP a

higher ability of NPQ.

The number of pigments in FCP-A, FCP-E, and

FCP-F in the PSII–FCPII supercomplex from the cen-

tric C. gracilis is 6–9 Chls a, 1–3 Chls c, and six Fxs

[25,26]. Furthermore, FCP-D binds nine Chls a, one

Chl c, two Fxs, and one Ddx. These deviations may

result from the different lengths of the FCP polypep-

tides and their distinctly different locations, which may

confer them different roles in energy harvesting and

transfer. A similar situation can be found in LHCII

and LHCI in the green lineage organisms, where dif-

ferent numbers of Chls a and b, and slightly different

bindings sites of Chls, are also found [2,6,9,21–24].

Energy transfer and dissipation in the
PSII–FCPII supercomplex

The Chls in all FCPs are distributed into two layers sim-

ilar to those found in LHCI and LHCII. In the stromal

layer of an FCP-A monomer, six Chls form two Chl a-

c-a clusters (Fig. 4), which resemble the Chl 610-611-612

clusters in LHCII with Chl a-a couplings [6,19,25,26].

Although the lower energy Chl a traps cannot be distin-

guished unambiguously, the marginal Chl a401 coupled

with Chl c408 is suggested as an energy exit (Figs 3A

and 4) [19], and Chl a401/a406 may mediate monomer–
monomer energy transfer within the tetramer, based on

their peripheral locations.

In the PSII–FCPII supercomplex, some intersubunit

coupling of Chls between different subunits of FCPs

and between FCP and PSII core subunits is found, such

as Chla603–a609 dimer in FCP-D that is coupled with

Chl a406 of MT at their interface (Fig. 4), and Chl a406

of ST coupled with Chl a101 of PsbG at their interface.

The edge-to-edge distances of these coupled Chls a are

< 4.5 �A, suggesting that they may form the red Chl

pairs and hence provide important energy transfer path-

ways from both MT and ST to the PSII core.

Owing to the multiple couplings of Chls at the inter-

subunit interfaces, multiple possible pathways for the

energy transfer among FCP subunits as well as from

FCPs to the PSII core can be found at both the stromal

and lumenal side layers (Fig. 4) [25,26]. At the stromal

side layer, FCP-F transfers its energy to MT, which in

turn transfers the energy to CP43 in the PSII core indi-

rectly through FCP-E and FCP-D. FCP-D may also

transfer its energy to ST in the adjacent PSII–FCPII
unit, providing an energy transfer pathway between

two PSII–FCPII monomers within the dimer. At the

lumenal side, ST transfers its energy directly to CP47

of the core and also has weak interactions with FCP-D

and PSII core of the adjacent PSII–FCPII unit and

hence may also transfer its energy to the adjacent

PSII–FCPII unit through these interactions [25,26].

In addition to the vast number of Chls, a huge num-

ber of Fxs are distributed over the entire FCP units

which have close interactions with Chls as mentioned

above. These Fxs help diatoms to absorb blue-green

light and transfer them to the Chls efficiently under

low-light conditions, and to dissipate excess energy by

accepting energy from nearby Chls under strong light

conditions. The combination of this complicated net-

work of Chls and Fxs greatly contributes to the suc-

cessful survival of diatoms in the aquatic environment

which has a highly fluctuating light environment due

to the continuous flow and mixing of the water layers.

The possible energy transfer and dissipating pathways

discussed here, however, are based primarily on the

pigment–pigment distances. More detailed analysis of

the pathways and mechanisms will require a more

extensive treatment employing calculations by taking

into considerations of both distances and dipole–dipole
interactions of the pigments, which are now possible

based on the structures solved.
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