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The ecological success of diatoms, key contributors to photosynthesis, is partly based on their ability to perfectly balance efficient
light harvesting and photoprotection. Diatoms contain higher numbers of antenna proteins than vascular plants for light
harvesting and for photoprotection. These proteins are arranged in fucoxanthin-chlorophyll protein (FCP) complexes. The
number of FCP complexes, their subunit composition, and their interactions in the thylakoid membranes remain elusive in
different diatoms. We used the recently available genome sequence of the centric diatom Cyclotella cryptica to analyze gene
sequences for putative light-harvesting proteins in C. meneghiniana, and to elucidate the FCP complex composition. We analyzed
two pools of FCP complexes that were trimeric (FCPa) and nonameric (FCPb). FCPa was composed of four different trimeric
subtypes. Two different nonameric FCPb complexes were present. All were distinguished by their polypeptide composition and
partly by pigmentation. With use of a milder purification method, two fractions composed of different FCP complexes were
isolated. One was enriched in FCPs incorporating the photoprotective subunit Lhex1, such as the newly identified nonameric
FCPb2 and the major trimeric FCPa4 complex, which are predetermined to be involved in energy-dependent nonphotochemical
quenching. The other fraction contained mainly FCPs that were devoid of Lhex1, FCPa3, and FCPb1. Both fractions also included
small amounts of trimeric FCPa complexes with the centric diatom-specific Lhcx protein, Lhex6_1, as subunit. Thus, the antenna
organization of centric diatoms, as well as the distribution of different photoprotective Lhex proteins, differs from that of other

diatoms, as well as from plants.

Diatoms are unicellular, eukaryotic algae that con-
tribute about 25% of worldwide primary production
(Falkowski et al., 1998). In addition, they have attracted
increasing interest in biotechnology because of their
high content in unsaturated fatty acids (Barka et al.,
2016; Traller et al., 2016). Despite this importance and
their ecological success, our knowledge about funda-
mental biosynthesis pathways is far behind that of
vascular plants. Although their basic reactions are
often comparable, their light-harvesting systems used
in photosynthesis differ significantly. Pigmentation,
and also the macromolecular organization of light-
harvesting complexes that serve the photosystems, is

'This work was supported by the Deutsche Forschungsgemeinschaft
(DFG) (grant no. Bu812/10-1).

2 Author for contact: c.buechel@bio.uni-frankfurt.de.

3Senior author.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Claudia Biichel (c.buechel@bio.uni-frankfurt.de).

K.G. carried out all biochemical purifications and analyses except
for mass spectrometry; V.W. did the mass spectrometric analysis and
evaluated it together with M.M.; M.M. and C.B. wrote the manu-
script; C.B. designed the study and did the bioinformatic analysis.

www.plantphysiol.org/cgi/doi/10.1104/pp.18.01363

fundamentally different, as is the thylakoid membrane
arrangement.

The distant relationship to vascular plants is because
diatoms evolved via a so-called secondary endosym-
biosis, whereby an eukaryotic photosynthetic micro-
organism related to present day red algae was engulfed
by a heterotrophic unicellular eukaryotic host and be-
came the later plastid (Cavalier-Smith, 2013; Keeling,
2013), the only organelle that remained from the for-
mer red alga. Thus, four membranes envelope the
plastids of diatoms. Thylakoids are arranged in a spe-
cific three-banded structure, running along the whole
plastid. Early electron microscopy and more recent
work have elucidated that this peculiar thylakoid
stacking is accompanied by an enrichment of PSII
complexes in the inner four thylakoid membranes,
whereas PSI is enriched in the outer two peripheral
membranes (Pyszniak and Gibbs, 1992; Flori et al.,
2017). Diatoms contain a large set of antenna proteins,
assembling into fucoxanthin (Fx)-chlorophyll (Chl)
protein (FCP) complexes. These antenna proteins are
nuclear encoded like the light-harvesting proteins of
vascular plants (Armbrust et al., 2004; Bowler et al.,
2008). Based on sequence homologies, most of the an-
tenna proteins fall into three groups, named Lhcf, Lhcr,
and Lhcx. These three families all contain many mem-
bers; some are even encoded by several genes and/or
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Sub-Populations of Light Harvesting Complexes in Diatoms

gene copies (Eppard and Rhiel, 1998; Armbrust et al.,
2004; Bowler et al., 2008). All different proteins were
proved to be expressed (Lepetit et al., 2007, 2010;
Grouneva et al., 2011), but information about their
precise function is limited. So far, functional assignment
was only done for some members of each group, but is
principally assumed to hold for all members: Whereas
the main light-harvesting proteins (Lhcf) seem to serve
both photosystems, Lhcr are connected to PSI, and the
Lhex proteins, which are related to the LhcSR (Lhc
stress related) proteins of green algae, are involved in
photoprotection [Fig. 1; for review see Biichel (2015)]. In
addition, information about FCP complex formation is
also limited, and neither their distribution between the
core and peripheral thylakoid membranes nor their
specific association with photosystems is known, ex-
cept for the Lhers that serve PSI (Veith and Biichel, 2007;
Veith et al., 2009; Lepetit et al., 2010; Grouneva et al.,
2011). Even less is known in the case of additional,
putative antenna proteins that are not classified as Lhcf,
Lhcr, or Lhex, like, for example, the products of the so-
called FCP genes in Thalassiosira pseudonana (Mock
et al., 2017).

Diatoms are subdivided into two major groups, the
so-called pennate and centric diatoms. This division is
not only reflected in their morphology like the sym-
metry of their cells, but also in physiological and mo-
lecular features. Phaeodactylum tricornutum has become
the model organism for pennates since its relatively
small genome was sequenced in 2008 (Bowler et al.,
2008) and tools for transformation became available
(Apt et al., 1996). As a model for centric diatoms, Tha-
lassiosira pseudonana was established even earlier, again
because of small genome size (Armbrust et al., 2004).
However, for in-depth studies on the biochemistry and
biophysics of the photosynthetic apparatus, other cen-
tric diatoms emerged, namely Chaetoceros gracilis
(Nagao et al., 2007, 2010, 2013a, 2013b, 2014; Yokono
et al., 2015) and Cycloctella cryptica 1020-1a that was
later renamed as C. meneghiniana 1020-1a (Biichel, 2003;
Papagiannakis et al., 2005; Beer et al., 2006; Gildenhoff
et al., 2010; Gundermann and Biichel, 2012; Ghazaryan
et al., 2016). Those species are much more widely used
than T. pseudonana (Zhu and Green, 2010; Grouneva
et al., 2011, 2016; Dong et al., 2015, 2016), mainly be-
cause of better biochemical accessibility and larger cell
size that leads to higher yields in protein purifications.

Organization of FCP complexes differs between
pennate and centric diatoms (Fig. 1): whereas in pen-
nates trimeric complexes of different Lhcf composition
are present, but no higher oligomers of specific poly-
peptide composition have been isolated so far (Lepetit
et al., 2007; Grouneva et al., 2011; Gundermann et al.,
2013), in centrics nonameric complexes of nine subunits
(FCPDb) besides trimeric FCPa’s could be identified (Beer
et al., 2006; Grouneva et al., 2011; Nagao et al., 2013a;
Réding et al., 2018). Both FCPa and FCPb complexes
contain specific Lhef proteins. Importantly, Lhex pro-
teins are subunits of the trimeric complexes of centric
diatoms as well (Beer et al., 2006; Grouneva et al., 2011).
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Figure 1. Scheme of the antenna organization of diatoms. Lhcf (green),
Lhcr (gray), and Lhex (red) arrangement in pennate diatoms is shown in
(A) and the organization in centric diatoms is depicted in (B). Color
coding only relates to the three protein families, not to individual
members, and the amount of proteins shown does not reflect the actual
numbers. Antenna proteins that do not belong to these major three
groups are omitted. A, For P. tricornutum, different trimeric FCP com-
plexes were analyzed that consist of different Lhcf proteins (green;
Grouneva et al., 2011; Gundermann et al., 2013). Lhcx (red) have not
been detected in specific FCP complexes so far, but coelute in the major
FCP pool (Lepetit et al., 2007, 2010). The PSI antenna was shown to
consist of Lhcer (gray) proteins, and contains several Lhcf proteins and
Lhex1 in addition (Lepetit et al., 2007; Veith and Bichel, 2007;
Grouneva et al., 2011). B, In case of centric diatoms, a trimeric (FCPa)
and a nonameric (FCPb) population of FCP complexes consisting of
different Lhcf proteins (light green and dark green, respectively) was
demonstrated (Beer et al., 2006; Grouneva et al., 2011; Nagao et al.,
2013a; Roding et al., 2018), whereby the FCPa trimers were shown to
contain Lhcx1 (red) as well. Like in P. tricornutum, the PSI antenna
consists of several Lhcr and Lhcf proteins, but does not contain Lhex1
(Veith et al., 2009; Grouneva et al., 2011).

This is not the case for pennates (Grouneva et al., 2011;
Gundermann et al., 2013), where Lhcx proteins can be
found in the pool of FCPs (Lepetit et al., 2007; Taddei
et al., 2018), but no specific association of Lhcx proteins
to any trimeric FCP complex has been demonstrated so
far. This difference is accompanied by differences in the
set of Lhex proteins: whereas P. tricornutum expresses
four different Lhcx proteins (Lhex1-4), T. pseudonana
was shown to have genes coding for five different Lhcx
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(Lhex1 and Lhex?2 that are identical, Lhex4-6 and 6_1).
For P. tricornutum as well as for C. meneghiniana Lhcx1
was shown to be essential for the energy-dependent
(qE) part of nonphotochemical quenching (NPQ), that
is, for photoprotection by converting excess incident
energy to heat (Bailleul et al., 2010; Ghazaryan et al.,
2016). Lhex1 is the only Lhex protein that is highly
similar in centrics and pennates. However, some dif-
ferences were still observed, especially in the lumenal
parts of the protein and in the second membrane helix
(Btichel, 2014; Supplemental Fig. S1A). Recently it was
shown that Lhcx1 in pennates is more involved in short-
term protection and thus constitutively present, albeit
in higher amounts in high light (HL) grown cells
(Taddei et al., 2018). With use of mass spectrometry
(MS), Lhex1 was detected in PSI of pennates (Grouneva
etal., 2011), but immunodetection revealed its presence
additionally in the pool of FCP and even in PSII frac-
tions (Taddei et al., 2018). In the centric diatom T.
pseudonana, Lhexl was found in the trimeric FCPa
complexes (Grouneva et al., 2011), but only in protein
purifications derived from cells grown under HL,
whereas immunodetection revealed a more constitutive
expression (Zhu and Green, 2010). Concerning the
other Lhex proteins, differences between the two major
diatom groups are stronger: For Lhex3 of pennate dia-
toms it was recently shown that it promotes the part of
gE under prolonged HL conditions that takes place in
the antenna complexes, whereby Lhcx3 is accumulated
to a much higher extent than Lhcx1, and immunode-
tection revealed its presence in PSI and the pool of FCPs
of HL-grown cells (Taddei et al., 2018). In addition, the
same hypothesis was proposed for Lhcx2, because it
also accumulates under prolonged HL, albeit less so
than Lhex3 (Lepetit et al., 2013, 2017; Taddei et al,,
2016). Lhcx3 was also discussed to be involved in
NPQ induced by nitrogen starvation, whereas Lhcx2
enhanced NPQ under iron deprivation. The centric T.
pseudonana was shown to contain Lhcx4 in PSI and
FCPa’s under HL conditions instead, and to con-
stitutively incorporate Lhcx6_1 in these complexes
(Grouneva et al., 2011). In contrast, Lhcx6 of centrics
was shown to be induced only under short HL illumi-
nation by immunodetection in thylakoids (Zhu and
Green, 2010). Nothing is known so far about the pre-
cise role of these other Lhcx proteins in centrics.

As mentioned above, the FCP antenna system of
C. meneghiniana 1020-1a is relatively well studied bio-
chemically, in much more detail than the antenna sys-
tem of T. pseudonana. However, the lack of a sequenced
genome hampered a detailed analysis. The pioneering
work of Eppard and Rhiel (1998) and Eppard et al.
(2000) identified in C. meneghiniana genes for two Lhcf
proteins (encoded by Fcp1-3 and by Fcp5, respectively),
one Lhcr protein (encoded by Fcp4), and three Lhex
proteins (encoded by Fcp6, 8, 9; by Fcp7 that is almost
identical; and by Fcp12), whereby Fcp6, 8, and 9 are
almost identical to the Thalassiosira Lhcx1 proteins
(Supplemental Fig. S1) and will thus be referred to as
Lhex1 from now on. Specific antibodies against Fcp1-3
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(Lhcf-proteins) and Fcp6-9 (Lhex1 and Fep7-proteins)
allowed the identification of these proteins in the trimeric
FCPa complexes, whereas the nonameric FCPb com-
plexes were hypothesized to be built of Fcp5 (another Lhef
protein; Fig. 1; Beer et al., 2006). In C. meneghiniana, FCPa
was shown to reduce its fluorescence yield upon aggre-
gation in a pH and diatoxanthin (DT)-dependent way,
and thus to contribute to NPQ (Gundermann and Biichel,
2008, 2012; Chukhutsina et al., 2014). In addition, a higher
content of Lhcx1 was demonstrated to decrease fluores-
cence yield (Gundermann and Biichel, 2008). However,
CD spectra of FCPa complexes from wild-type and mu-
tants with a reduced Lhcx1 content did not differ, al-
though changes were obvious in thylakoid levels
(Ghazaryan et al., 2016). Thus, it was concluded that
Lhex1 is acting in the aggregation of FCPa complexes
needed for NPQ, but not in quenching itself.

Despite the analyses described above, important
questions remain about the light-harvesting organiza-
tion in centric diatoms. The pool of FCPa complexes
especially is known to be heterogeneous because at
least its Lhex1 content had been shown to depend on
the light intensity during growth (Beer et al., 2006).
Thus, the pool of FCPa seemed to vary with growth
conditions, and the question about the number of dif-
ferent FCPa trimers and their precise subunit compo-
sition remains. In addition, nothing is known about the
interaction of different FCPa and FCPb complexes in the
form of supramolecular assemblies or supercomplexes.
Recently the genome of C. cryptica CCMP332 was se-
quenced (Traller et al., 2016), a species very closely related
to C. meneghiniana 1020-1a. Indeed, the latter had only
previously been renamed from C. cryptica. This allowed
us to analyze the gene sequences for putative light-
harvesting proteins in C. meneghiniana, and to elucidate
the FCP complex composition in much more detail. Here
we present data showing that the pool of FCPa complexes
is indeed composed of four types of specific subunits, and
also that two different FCPb complexes exist. By sucrose
density fractionation, two bands could be isolated that are
characterized by a different combination of these FCPa
and FCPb complexes. One is enriched in FCPs with Lhex1
as subunits mainly under high-light conditions, whereas
the other contains predominantly FCPs that are devoid of
Lhex1. In addition, trimeric FCPa complexes that consti-
tutively incorporate Lhcx6_1, one of the Lhex proteins
specific for centrics, are found in both. We characterized
the specific subunit composition of the different FCP
complexes in diatoms in-depth, and the implications for
the organization of the PSII antenna system and for NPQ
in centric diatoms are discussed.

RESULTS

Genes Encoding Light-Harvesting Proteins in
C. meneghiniana

The FCP complexes of the centric diatom C. mene-
ghiniana 1020-la have been studied before, but an
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in-depth analysis of the subunit composition was in-depth biochemical analysis of the FCP complex
hampered by the lack of a sequenced genome. The re- composition of C. meneghiniana 1020-1a. To identify the
cently available genome of C. cryptica allows us to Lhc genes of Cyclotella we used all known Lhc sequences
elucidate how many, and which, Lhc genes are present from T. pseudonana and the few already known from

in Cyclotella. This knowledge can be used for further C. meneghiniana 1020-1a (Eppard and Rhiel, 1998).

Table 1. Lhcf, Lher, Lhex, and FCP genes identified in C. cryptica CCMP332 using T. pseudonana and C. meneghiniana 71020-1a gene sequences.

In cases where identical gene models exist at several loci, only one gene name is given. In cases where different gene predictions for one locus are
present in the database, the models with the least resemblance to their T. pseudonana counterparts are shown in italics and named ‘a’ and ‘b’. Fcp
genes of C. meneghiniana are according to Eppard and Rhiel (1998) and Eppard et al. (2000). Dashes indicate no gene identifier available in
database.

Name Gene Identifier Location Mature Protein
Lhcf
CclLhcf1.712 g17931.t1 g009304_00092:845-1770 Lhcf1 = Fep1-3
825998.t1 g002362_00144:845-1770
826023.t1 g002346_00143:1116-2041
CclLhcf1.22 g11743.t1 g017983_00088:3722-4321 Lhcfl = Fep1-3
g9813.t1 g021620_00082:470-1069
g21457.11 g005884_00107:470-1069
CclLhcf3> g27206.t1 g001521_00091:7-495 Lhcf3
Fep5P Not found Fcp5
Cclhct4 g4695.t1 g037374_00040:1988-2593 Lhcf4
Cclhcf6 820180.t1 g007028_00058:2475-3077 Lhcf6
Cclhcf6a — g007028_00058:2475-3219
CcLhcf10 g1413.t1 g068182_00128:55071-55679 Lhcf10
Cclhcf11 g9270.t1 g022704_00101:7497-8159 Lhcf11
Lher
CclLhcr1 g4191.t1 g039603_00095:12747-13619 Lhcrt
Cclhcr2 g17037.t1 g010304_00068:3475-3987 Lhcr2
Cclhcr2a g13001.t1 g010304_00068:3478-4257
Cclhcr2b — g8010304_00068:3238-4373
CclLhcr3© g22357.t1 g005177_00041:3338-4286 Lhcr3, similar to
Cclhcr3a — g005177_00041:3112-4460 Fcp4
CclLhcr3b — g005177_00041:3338-4286
CclLhers g12115.t1 g017270_00043:10106-10888 Lher5
Cclhcr5a g89253.t1 g017270_00043:10109-11167
Cclhcer5b — g017270_00043:10106-11252
CclLher7 g15657.11 g012035_00070:5433-6183 Lher7
CclLhcr8.1 825826.t1 g00250_00057:1026-1894 Lhcr8.1
Cclhcr8.2 g22748.11 g004863_00062:1-677 Lhcrg.2
Cclhceri1 g10947.t1 g019362_00072:17991-18731 Lher11
Cclhcer14 g18288.t1 g008875_00105:6649-7349 Lhcr14
Lhex
CclLhex1.1d g2066.t1 g059009_00077:10108-10839 Lhex1.1
Cclhex1.24 g14788.t1 g013146_00085:3526-4158 Lhex1.2 = Fepé6, 8, 9
CclLhcx5® 821285.t1 g006023_00084:4427-5140 Lhcx5, similar to
CclLhcxba g816306.t1 8006023_00084:4430-5454 Fcp12
CclLhcx6 g14787 .11 g013146_00085:2016-2768 Lhex6
Cclhcx6a g11298.t1 g013146_00085:1957-2768
CclLhex6_1 g10346.t1 g020598_00076:14804-15523 Lhex6_1
CclLhcx6_1Ta 87882.t1 g020598_00076:14657-15523
Fcp
CcFCP3 g6093.t1 g025849_00094:2456-3409 FCP3
CcFCP5 g12200.t1 g017153_00078:12827-14314 FCP5
CcFCP10 g4274.t1 g039269_00091:21945-22616 FCP10

?Lhcf1 genes are identical to Fcp1-3 except for the N-terminal presequences, where only Lhc1.2 is identical to Fcp2 (see Supplemental Fig.
S1). PLhcf3 encodes for a protein that is identical to Fcp5 except for two amino acid exchanges and a shorter N-terminal presequence in case of
Lhcf3 (see Supplemental Fig. S1). Fcp5 is listed as well because both Lhcf3 and Fep5 were identified by MS in the FCP complexes of C. meneghiniana
(Tables 2 and 3), but only CcLhcf3 is present in the C. cryptica CCMP332 genome. “Different predictions for Lhcr3 have different insertions, but
are most comparable with Fcp4 (see Supplemental Fig. S1). 9Lhex1.1 codes for a protein that has a one amino acid deletion compared with
Lhex1.2. Lhex1.2 is identical to Fep6, 8, 9 and almost identical to Fep” (in the protein five amino acids are exchanged, four of them in the
presequence; see Supplemental Fig. S1). €Lhcx5 is most similar to Fep12, but the N terminus of the protein is six amino acids longer, and in
total five amino acids are exchanged (four of them in presequence; see Supplemental Fig. S1).
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Besides the major groups of Lhcf, Lhcr, and Lhcx present
in all diatoms, further so-called FCP genes are anno-
tated for T. pseudonana as well. Most of the Lhc/FCP
genes of T. pseudonana and those already known from
C. meneghiniana 1020-1a (Eppard and Rhiel, 1998) could
be identified in the sequenced Cyclotella genome, but no
new, additional Lhc sequences emerged (Table 1). A
draw back of the current genome is, however, that the
automatically generated gene models have not yet been
functionally assigned and further verified by EST
(expressed sequence tags) or RNA sequencing data.
Thus, in some cases several models exist for one locus
because of different intron predictions. When these
different models are compared at the protein level,
differences occur mostly in either the C-terminus or in
the presequences, in the latter case maintaining the
mature protein sequence. For the group of Lhcf genes
that consists of 11 genes in the case of T. pseudonana (Tp),
substantial differences compared with Cyclotella cryp-
tica (Cc) were obvious (Fig. 2): Homologs to TpLhcf5 as
well as TpLhcf7 are missing. Two very similar genes
termed CcLhcfl.1 and CcLhcfl.2 were found instead
of TpLhcfl and TpLhcf2 that shared more sequence
similarity to each other than to either TpLhcfl or
TpLhcf2. CcLhcf1.1 exists in three gene copies (Table 1;
Supplemental Fig. S1). Although the copies are located
differently, sequences are identical up to 100 bases up-
and downstream of the predicted coding region. The
same holds for two copies of CcLhcfl.2, whereas the
third differs in the 3’-untranslated region. Because
C. cryptica and C. meneghiniana are closely related, we
expected to find all genes that were previously detected
by Eppard and Rhiel (1998). Indeed CcLhcf1.1 is iden-
tical to the gene described as Fcpl in C. meneghiniana

Lhcf Lhcr Lhcx
TpLhcf7 TpLhcr10 _[ CclLhcex6_1
CcLhcf11 { E CcLhcr2 TpLhcx6_1
TpLhcf11 TpLhcr2 TpLhcx1
CcLhcf10 CcLher5 TpLhex2
TpLhcf10 TpLhcr5 AE CcLhex1.1

_|: CcLhcf6 TpLhcr9 CcLhcx1.2
TpLhcf6 TpLhcr8 _E CcLhcx5
— TpLhcf5 CcLhcr8.1 TpLhexS
TpLhcft CcLhcrs.2 TpLhex4
H TpLhcf2 TpLhcr12 E CeLhex6
_[ CclLhcf1.1 4|.E CcLher11 TpLhcx6
CcLhcf1.2 TpLhcr11
CcLhcf3 TpLhcr4
TpLhcf3 E CcLhcr14
ﬂh{ TpLhcf8 TpLhcr14
TpLhcf9 CcLhcr1
_L CcLhcf4 _E TpLhcr1
TpLhcf4 CcLhcr3
_|__ TpLher3
TpLhcr6

AE CcLhcr7
TpLhcr7
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(Eppard and Rhiel, 1998), except that it codes for a
longer presequence, and CcLhcf1.2 is identical to Fcp2
(Supplemental Fig. S1). However, a gene identical to
Fcp3, which codes for a protein that differs only in one
amino acid from Fcp2, was missing in the genome of
C. cryptica CCMP332. However, the predicted Lhcfl
and Fcp1-3 proteins are identical concerning their ma-
ture protein sequence, that is, after cleavage of the
presequences (Supplemental Fig. S1), and will further
be referred to as Lhcfl.

Only one CcLhcf3 gene could be detected in the
Cyclotella genome, whereas in T. pseudonana the similar
TpLhcf3, 8, and 9 genes code for an identical protein
(Fig. 2). CcLhcf3 is highly homologous to Fcp5 of
C. meneghiniana. Again, the lengths of the presequences
deviated, but in addition two amino acids in the mature
protein are different as well (Supplemental Fig. S1).

In the case of Lhcr genes, TpLhcr4, 6,9, 10, and 12 had
no putative orthologs in C. cryptica (Fig. 2), whereas two
versions of CcLhcr8 could be identified. CcLhcr3 is the
only homolog found for the known Fcp4 of C. mene-
ghiniana (Eppard et al., 2000), but in all three differ-
ent gene models insertions are predicted (Table 1;
Supplemental Fig. S1). However, at this locus some
uncertainties seem to exist because of bases that were
not sequenced. Also, for the FCP genes the number was
smaller in C. cryptica than in T. pseudonana, with only
FCP3, 5, and 10 present in the former.

Concerning Lhcx, Lhcx4 of T. pseudonana that is
closely related to Lhcx6 was missing in C. cryptica
(Fig. 2). TpLhcx1 and 2 are replaced by CcLhcx1.1 and
CcLhcx1.2 that share more sequence similarity with
each other than with the respective Thalassiosira genes.
They are identical to the genes described as Fcp6, 8, and

FCP Figure 2. Phylogenetic trees of Lhcf, Lhcr,

Lhex, and FCP of C. cryptica CCMP332
CcFCP5
4|j[ TpFCP5
TpFCP5_1

(in bold red) and T. pseudonana (black). The

trees are based on predicted protein se-
TpFCP2
i CcFCP10
TpFCP10
CcFCP3

Table 1.

quences including presequences from the re-
spective gene models that show the highest
|: TpFCP3
TpFCP4
—— TpFCP9

resemblance between the two species listed in
_|: TpFCP11
TpFCP7
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Sub-Populations of Light Harvesting Complexes in Diatoms

9 of C. meneghiniana, whereby in CcLhcx1.1 one codon is
missing. No gene predicted to encode a protein similar
to Fcp7 that deviates again mainly in the presequence
from Fcpé, 8, and 9 (Supplemental Fig. S1) was found.
CcLhcxb is very similar to Fcp12 and only present in one
copy. For CcLhcx6_1 two model predictions exist,
whereby one shows a closer resemblance to TpLhcx6_1
(Table 1).

Heterogeneity of the Pools of FCPa and FCPb Complexes

The putative sequences of Lhc genes in Cyclotella en-
abled the identification of polypeptides by liquid
chromatography-electrospray ionization-tandem mass
spectrometry (LC-ESI-MS/MS) analysis, and could be
used to evaluate the heterogeneity of the pools of FCPa
and FCPb complexes in this representative centric dia-
tom. To this end, thylakoids were isolated from cells
grown under low light (LL) or under HL conditions.
After solubilization, FCP complexes were purified by

Figure 3. Schematic representation of the purifi-
cation methods used. Thylakoid membranes were
isolated either from LL- or HL-grown cells and
proteins solubilized using a mild detergent
(B-DDM [B-dodecyl maltoside]). In one case the
solubilized proteins were separated by 1EX (left).
The pools of FCPa and FCPb were harvested as
indicated and subjected to sucrose density cen-

trifugation to separate them from coeluting pho-
1.

o

ion-exchange chromatography (IEX) followed by su-
crose density centrifugation to remove coeluted pho-
tosystems (Fig. 3, left; also described in Gundermann
and Biichel, 2008). The FCPa and FCPb complexes
obtained were then subjected to a second IEX for sep-
aration of possible subtypes (Fig. 4A). In the case of the
nonameric FCPb, only one major band was identified,
accompanied by one very small band and a free pig-
ment band, whereas in the case of the trimeric FCPa
four bands and shoulders (besides a free pigment band)
could be distinguished. Free pigment was identified by
its lack of polypeptides on SDS-PAGE (Fig. 5A). It
contained all pigments usually found in FCPs, but in
different stoichiometries with less Chl ¢ and more
Diadinoxanthin (DD) and Diatoxanthin (DT) per Chl a
(Supplemental Fig. S2). The four fractions of FCPa
(FCPal-4) were all functional as demonstrated by flu-
orescence emission spectra recorded upon excitation at
465 nm, exciting preferentially Chl c (Fig. 4B; for HL
samples see Supplemental Fig. S3A). No emission of
detached Chl ¢ at 636 nm became visible, and in the

LL or HL grown cells

\

Thylakoids solubilised with 3-DDM
I

tosystems. The purified pools of FCPs were then
subjected to a second IEX (for results see Fig. 4). In
another approach (right), solubilized thylakoid
proteins were directly loaded on sucrose density
gradients. The two brown bands obtained (Band A
and Band B) were then further separated by IEX
(for results see Fig. 6)
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fluorescence excitation spectra both Chl ¢ at 465 nm
and Fx between 475 and 585 nm were demonstrated
to transfer energy to Chl a (Fig. 4C; Supplemental Fig.
S3B). Fluorescence spectra of the different FCPa com-
plexes were almost identical for FCPa2-4, whereas
FCPal showed some deviation, because transfer from
Chl c around 465 nm was less pronounced in the exci-
tation spectrum. This was because of a lower content of
Chl c as shown in Figure 4D and Supplemental Figure
54 and not because of a loss in energy transfer function,
because no signal of detached Chl ¢ was present in the
emission spectra. Whereas the Chl c¢/Chl a as well as the
Fx/Chl a ratio was identical for FCPa3-4, FCPal had
significantly less Chl ¢ and Fx per Chl a bound
(Supplemental Fig. 54). FCPa2, albeit carrying the same
amount of Fx as FCPa3-4, still had slightly less Chl
c/Chl a. This might actually be due to some contami-
nation of FCPa2 with FCPal because of their imperfect
separation on the IEX column. DD and DT were also
found in all complexes (Fig. 4D; Supplemental Fig. S4).
A slightly higher amount of DT was present in case of
FCPal and FCPa2 from HL cells. However, the free
pigment (FP) fractions were strongly enriched in DD
and DT (Supplemental Fig. S2), and in the case of
FCPal-4 amounts decreased with increasing elution
volume. Thus, DD- and DT-binding to the complexes
was most probably sensitive to the salt concentration on
the IEX, and our results are not representative of the
in vivo situation. All FCPa subpopulations showed a
very similar protein pattern in SDS-PAGE (Fig. 5A).
Two typical main polypeptide bands (Beer et al., 2006)
were present, whereby the band of lower M, was more
abundant. All complexes were trimeric as shown by
their elution at 6.9 ml on gel filtration (Fig. 5C;
Supplemental Fig. S5A). Only FCPal contained more
monomers, eluting at 7.5 ml. Overall the pigment stoi-
chiometries and thus the spectroscopic features, as
well as the oligomeric states and protein bands on
SDS-PAGE, were almost identical for complexes from
HL- and LL-grown cells.

Protein Composition of the Light-Harvesting System of
C. meneghiniana

The knowledge of putative Lhc gene sequences en-
abled mass spectrometric analysis of the purified
complexes. Proteins in the range of about 15-25 kDa,
that is, the expected size of Lhc proteins, were eluted
from the SDS-PAGE and subjected to MS analysis. To
identify the proteins, all sequences known from
C. meneghiniana as well as those newly identified in
C. cryptica were used. Results are presented in Tables 2
and 3 and Supplemental Table S1. Taking the results of
all FCPa and FCPb complexes together, Lhcfl was
identified with up to six unique polypeptides especially
in FCPa complexes. There it occurred with a high
number of total polypeptides, supporting older data
that Lhcf1 is one of the major Lhc proteins expressed in
C. meneghiniana (Beer et al., 2006). Both Lhcf4 and Lhcf6
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Figure 4. Proteins from solubilized thylakoids from C. meneghiniana
cells grown under LL or HL were separated by IEX followed by sucrose
density centrifugation to yield pure FCPa and FCPb (Fig. 3; Gundermann
and Biichel, 2008). A, further separation by an additional IEX run of LL-
FCPa (red solid line), HL-FCPa (red dotted line), as well as LL-FCPb
(black solid line line) and HL-FCPb (black dotted line). In (B), the flu-
orescence emission spectra recorded upon excitation at 465 nm are
depicted for the subpopulations of LL-FCPa, FCPa1 (red dotted line), and
FCPa2-4 (black lines). No differences became obvious in the spectra of
the respective HL complexes (Supplemental Fig. S3A). C, fluorescence
excitation spectra for LL-FCPa1 (black dotted line), LL-FCPa2 (red dotted
line), and LL-FCPa3-4 (black solid lines) recorded at 675 nm, which
were again indistinguishable from their HL counterparts (Supplemental
Fig. S3B). The four FCPa complexes obtained were also analyzed by
HPLC. D, ratios of mol pigment/mol Chl a for Chl c (black bars, left axis),
Fx (red bars, left axis), DD (gray bars, right axis), and DT (white bars,
right axis) for the subpopulations of LL-FCPa. Data represent means and
standard deviations of five to nine biological replicates; for statistical
analysis see Supplemental Fig. S4. HL-derived complexes showed
similar Chl ¢, Fx, and DD per Chl a values compared with LL-
complexes, whereas DT/Chl a was increased (Supplemental Fig. S4).
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Figure 5. FCPa (A) and FCPb (B) subpopulations prepared by IEX like shown in Fig. 4 (FCPa1-4, FCPb1) and Fig. 6 (FCPb1*,
FCPb2) from HL- or LL-grown cells were subjected to SDS-PAGE, as well as the FP band. Samples equivalent to T ug Chl were
loaded in each lane; molecular weights of the marker bands are given in kDa. In (C), gel filtration runs of the different FCPa
subpopulations from LL cells are shown. At left, FCPa1 (dotted line) and FCPa2 (solid line) are shown, whereas at right FCPa3
(dotted line) and FCPa4 (solid line) are depicted. D, comparison of the gel filtration for FCPb1 (solid line) and FCPb2 (dotted line).
In (C and D), elution volumes of the main peaks are indicated in the figures. According to Roding et al. (2018) monomers elute at
7.5 ml, trimers at 6.9 ml, and nonamers at 6.1 ml on the same gel filtration system. HL derived complexes showed the same
elution patterns compared with LL-derived complexes, and FCPb1* exhibited the same pattern as FCPb1 (Supplemental Fig. S5).

were identified at the protein level as well, whereas the
gene model denoted as CcLhcf6a could not be verified
by MS. Although overall sequence identity is low, Lhcf4
and Lhcf6 share an identical C-terminus (Supplemental
Fig. S1). Thus, one peptide common to both was
detected in the different FCPa preparations, and in addi-
tion up to four and six unique peptides identified Lhcf4
and Lhcf6, respectively (Supplemental Table S1). Both
Lhcf3 and Fep5 were demonstrated by MS analysis (Ta-
bles 2 and 3; Supplemental Table S1). This is astonishing,
because no gene model for Fcp5 was found in C. cryptica.
Because of their high similarity with only two amino acids
exchanged, up to three peptides were identified that are
specific for both these proteins. In addition, one peptide
each was found that was unique for either Fcp5 or Lhcf3,
whereby the total number of the peptides unique for Fcp5
(TAQLAFLGQVVTR) was usually higher (Supplemental
Table S1). FCPb complexes especially incorporate this
subunit, as previously suggested (Beer et al., 2006). Lhcf11
was also proven to be expressed. Thus, almost all pre-
dicted Lhcf proteins were identified by MS. The missing
Lhcfl0 was found as well, but with only one unique
peptide (Supplemental Table S1).

Concerning Lhcx proteins, Lhex1 was identified in
the FCP complexes (Tables 2 and 3; Supplemental Table
S1), whereby Lhex1.1 and Lhex1.2 could not be distin-
guished at the protein level, because the decisive pep-
tide was missing. For the same reason no distinction
could be made between Lhex6_1 and Lhex6_1a. We will
thus refer to Lhex6_1 for Lhex6_1la as well, and use
Lhex1 for Lhex1.1, Lhex1.2 (that is identical to Fcpé, 8,
and 9) from now on, keeping in mind that Fcp7 might
be included as well.

1786

Because Lhcr proteins are predicted to serve as di-
rect antennae for PSI, we did not expect to find many
in the FCP complexes. Lhcrl, however, was found by
MS analysis, albeit with a low number of peptides
(Tables 2 and 3; Supplemental Table S1). FCP10 had
never been reported before as a constituent of the major
FCP complexes but was safely identified in one FCPa
fraction.

The complexes used for MS analysis were obtained
after long preparation methods; therefore, we cannot
rule out that some proteins got lost. However, losses
can only be small because no protein signal was found
for the FP fraction of IEX on SDS-PAGE (Fig. 5A), and
substantial amounts of monomers as a hint for protein
complex degeneration was only found on size exclusion
chromatography (SEC) in the case of FCPal (Fig. 5C).

Protein Composition of FCPa Complexes

All subcomplexes of FCPa were characterized by a
specific subunit composition. FCPa3, the most abun-
dant complex under LL conditions, was composed
mainly of Lhcfl (Table 2). Lhcfl was also the main
subunit of FCPa4 and FCPal, whereas FCPa2 contained
Lhcf4 and Lhcf6 instead. Interestingly, Lhcf3 and Fep5,
proteins that are the main constituents of FCPb, were
also found in high amounts especially in FCPal and
FCPa2. FCPa2 had the most heterogeneous protein
composition of all subcomplexes, containing in addi-
tion small amounts of Lhcfl1, Lherl, and FCP10. Lhex1
was present in FCPal, but only under HL conditions,
and was mainly found in FCPa4, that is, the latest
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Gundermann et al.

Table 2. Overview of the Lhc proteins detected by LC-ESI-MS/MS analysis in the different FCPa complexes isolated from LL- or HL-grown cells.
Only proteins that were identified by at least two unique peptides (UP) are shown. For the sequences of the peptides and their Xcorr- and charge

values, see Supplemental Table ST.

FCPa FCPal FCPa2 FCPa3 FCPa4
Total Peptides Total Peptides Total Peptides Total Peptides
up T — up I — up T — up S —
LL HL LL HL LL HL LL HL
Lhcf1 5 259 341 3 16 3 5 411 413 6 368 328
Lhcf4/Lhcfo 9 90 129 11 406 426 7 33 61 7 15 15
Fcp5/Lhcf3 4 127 181 4 123 115 5 40 50 4 20 20
Lhcf11 0 0 0 3 9 2 0 0 0 0 0 0
Lhex1 2 0 6 0 0 0 0 0 0 3 2 9
Lhex6_1 2 2 3 2 5 5 0 0 0 0 0 0
Lhcrt 0 0 0 2 6 8 2 2 1 0 0 0
FCP10 0 0 0 3 6 10 0 0 0 0 0 0

fraction from IEX, where it was present in LL-derived
samples but showed an increased amount in samples
from HL. Therefore, its appearance did not depend on
the elution volume like the DT content, confirming that
it is a true constituent of the complexes. Lhcx6_1 was
identified only in FCPal and FCPa2, but in samples
from both growth conditions.

In summary, the pool of FCPa complexes consisted
mainly of FCPa3 and FCPa4, whereas FCPal and
FCPa2 were minor constituents. FCPa3 and FCPa4
were very similar in pigmentation and thus also dom-
inated the spectral features published for the pool of
FCPa characterized before (Beer et al., 2006). For both,
Lhcfl was the main subunit. The decisive difference
was that FCPa4 bound Lhex1 as well, a subunit that was
lacking in FCPa3. The two other FCPa complexes,
FCPal and FCPa2, showed the strongest deviations:
both contained Lhcx6_1 in contrast with the other
FCPa complexes. FCPa2 had Lhcf4 and Lhcf6 as major
subunits and was the only complex where the total
number of the peptide specific for Lhef3 was higher
than the total number of the Fcp5-specific peptide
(Supplemental Table S1). FCPal was distinguished by a
different pigmentation with less Chl c and Fx per Chl a.

Differences between LL- and HIL-derived FCPa
complexes concerned only Lhex1 subunits: the number
of Lhcex1 polypeptides in FCPa4 was increased in
complexes from HL, and FCPal contained Lhex1 in
addition when isolated from HL cells. HL-FCPa

complexes had previously been shown to be enriched
in Lhex1 (Beer et al., 2006). Although single FCPa
complexes showed an increase in the relative amount of
Lhex1 when isolated from cells grown under HL, sur-
prisingly enough the Lhcx1-free complex FCPa2 was
relatively more abundant in the elution profiles of
complexes from cells grown under HL, as was FCPal
(Fig. 4A).

Characterization of FCPb1

In the case of FCPb, only two bands besides FPs were
found during IEX separation (Fig. 4A). The first band
was present in amounts too low for thorough analysis.
FCPb1 as the major subpopulation showed only one
band on SDS-PAGE (Fig. 5B) that consisted almost
exclusively of Fcp5/Lhcf3, no matter whether isolated
from HL or LL cells (Table 3), in accordance with
data published by Grouneva et al. (2011) for T. pseudo-
nana. As previously reported (Beer et al., 2006; Roding
et al., 2018) for the pool of FCPb, this complex is a
nonamer (Fig. 5D; Supplemental Fig. S5B). It was
intact concerning excitation energy transfer (Fig. 6, C
and D; Supplemental Fig. S6) and showed all the fea-
tures already known from previous characterizations:
(1) slightly more red shifted Fx molecules as com-
pared with FCPa (Supplemental Fig. S2); (2) slightly
blue shifted fluorescence emission maximum (673 nm

Table 3. Overview of the Lhc proteins detected by LC-ESI-MS/MS analysis in the different FCPb com-

plexes isolated from LL- or HL-grown cells.

Only proteins that were identified by at least two unique peptides (UP) are shown. For the sequences of
the peptides and their Xcorr- and charge values, see Supplemental Table S1.

FCPb FCPb1 FCPb1* FCPb2
Total Peptides Total Peptides Total Peptides
up R — upP —_— —
LL HL LL HL LL HL
Lhcf1 3 16 1 3 14 8 3 9 14
Lhcf4/Lhcfé 0 0 0 0 0 0 4 5 40
Fcp5/Lhcf3 5 323 284 5 260 285 4 80 279
Lhcf11 0 0 0 0 0 0 2 0 2
Lhex1 0 0 0 0 0 0 2 0 3
Lhex6_1 0 0 0 0 0 0 2 0 3
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instead of 675 nm in FCPa; Figs. 4B and 6C); and (3)
about the same concentration of Chl ¢ with 0.345 =+
0.011 mol Chl ¢/mol Chl a (in LL, HL: 0.346 = 0.007 mol
Chl ¢/mol Chl a) and less Fx (LL: 0.896 = 0.021 mol
Fx/mol Chl a, HL: 0.899 = 0.013 mol Fx/mol Chl a)
than the main FCPa complexes (Fig. 4D). Mass spec-
trometry revealed no Lhex proteins in FCPb1 (Table 3).

Separation of FCP Complexes by Sucrose
Density Centrifugation

When solubilized thylakoid membranes were sepa-
rated directly by sucrose density gradient centrifuga-
tion, two brown bands can be distinguished (Fig. 3,
right; Biichel, 2003). The top band, Band A, was shown
to have strong similarities to FCPa, whereas the bottom
Band B obviously contained FCPb as well as FCPa. The
mixed composition of Band B is especially obvious if
one compares the CD-spectra of Band B (Biichel, 2003)

A 16
LL ——BandA
147 ——Band B
124 pp et FCPa

FCPb1*

A437 nm

with the CD-spectra of purified FCPa and FCPb
(Ghazaryan et al., 2016) and the polypeptide pattern on
SDS-PAGE of Band B (Btichel, 2003) with isolated FCPb
(Beer et al., 2006). This is intriguing, because it implies
that FCPb and certain FCPa complexes either coelute on
sucrose density gradients, or are more closely con-
nected in vivo, and the interactions are more resistant to
mild solubilization. With the knowledge of the different
subpopulations of FCPa, we thus re-examined the
composition of Band A and Band B from sucrose den-
sity centrifugation.

When the components of Band A were run on an IEX
(Fig. 6, A and B), several fractions appeared that could
be attributed to FCPal-4. Surprisingly, Band A addi-
tionally contained an FCP complex eluting almost at the
same time as the FCPbl complex described above
(Fig. 4), termed FCPb2. Band B was less pronounced on
Suc gradients (usually roughly one third of total Chl
compared with Band A) and, as expected, it was com-
posed of FCPa and FCPb complexes. The FCPb fraction
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Figure 6. Solubilized thylakoids were separated on sucrose density gradients. The two top brown bands (Band A and Band B)
consisting of nonamers and trimers each (Supplemental Fig. S7) were harvested and further separated on an IEX column. The same
amount of Chl was loaded for each run. A, elution profiles for LL-derived samples. B, elution profiles for HL-derived samples. The
separation of proteins from Bands A is shown with black solid lines and compared with the elution profiles of Band B (red solid
lines) as well as to the [EX run to separate different FCPa complexes taken from Fig. 4A including the labeling for FCPa1-4 (black
dotted line). Because the elution time of the FCPb fraction of Band A deviated slightly from FCPb1 as shown in Fig. 4, the complex
is denoted as FCPb1* here. C and D, fluorescence emission (C) and excitation spectra (D) of LL-FCPb1 (red dotted line, isolated
like shown in Fig. 4A), LL-FCPb2 (black solid line), and LL-FCPa4 (black dotted line, taken from Fig. 4C) for comparison, whereby
HL-derived complexes exhibited identical spectra (Supplemental Fig. S6). The pigment composition of Band A (LL: gray bars; HL:
white bars) and Band B (LL: red bars; HL: light red bars) is depicted in (E). Data represent means and standard deviations of four
biological replicates (LL data according to Gundermann and Biichel [2008]), whereby ***P < 0.0001, **P < 0.01, and *P < 0.05;
p-values were calculated by unpaired Student’s ¢ test.
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of Band B (termed FCPb1*) was analyzed as pointed out
above and showed no spectroscopic difference to
FCPb1 (Supplemental Fig. S6, C and D) and on SDS-
PAGE (Fig. 5B), in MS (Table 3) or on gel filtration
(Supplemental Fig. S5C), that is, this band is identical to
FCPb1. As expected, when FCPb2 of Band A was ana-
lyzed, this complex also resembled an FCPb complex.
The spectral features of FCPb2 were absolutely similar
to FCPb1 (Fig. 6, C and D), as was the nonameric state of
the complex (Fig. 5D). However, although FCPb2 con-
sisted mainly of Fcp5 polypeptides (Table 3), differ-
ences to FCPb1 were obvious: In addition to the trace
amounts of Lhcf1 also found in FCPb1, Lhcf4 and Lhef6
were present in case of FCPb2. Most importantly, the
presence of Lhexl and Lhex6_1 in FCPb2 complexes
from HL cells was revealed. Thus, although extremely
similar to the FCPb1 complexes concerning pigmenta-
tion and oligomeric state, FCPb2 is different concerning
polypeptide composition. A complex similar to FCPb2
had not been detected when analyzing the subfractions
of FCPa or FCPb, although it was present in fair amounts
in Band A (Fig. 6, A and B). However, the first [EX for the
separation of the pools of FCPa and FCPb had been
sampled very conservatively to avoid major contami-
nations by photosystems. Therefore, FCPb2 was proba-
bly lost during this step. On the other hand, we cannot
fully exclude that FCPb2 might have consisted of trimers
that artificially aggregated to nonamers only on the IEX
column. However, this possibility is extremely unlikely
because this would require complete, that is, 100%, ag-
gregation. Otherwise, hexamers, for example, should
have been found on the SEC column; in addition, the
constituting trimers, including pure Lhef3 /Fcp5 trimers,
should have been found during IEX, which have not
been detected at all. In addition, nonameric complexes
(see arrow in Supplemental Fig. S7) were also visible
when analyzing Band A directly by SEC (Supplemental
Fig. S7). Thus, both bands contained trimeric as well as
nonameric complexes (Supplemental Fig. S7), and sim-
ple coelution on density gradients seems unlikely.

The elution profiles of the postpurification by IEX
demonstrated the relative amount of complexes (Fig. 6,
A and B): whereas Band A consisted mainly of FCPa4,
FCPa3 especially was prominent in Band B besides
FCPb1. When the IEX runs from LL- and HL-derived
samples are analyzed, it also becomes obvious that
FCPal is found mainly in Band A, whereas FCPa2 is
mostly found in Band B (Fig. 6, A and B). Both are
slightly enriched in HL-derived samples, but otherwise
no major difference between HL- and LL-grown cells
could be distinguished. This is consistent with the
higher abundance of FCPal and FCPa2 in the IEX
profiles from prepurified FCPa complexes from
HL-grown cultures (Fig. 4A). As expected, the Fx/Chl
ratio of the bands was almost similar and did not
change with growth light intensity. Concerning the
xanthophyll cycle pigments DD and DT, enrichment in
Band A compared with Band B was present, whereby
growth under HL led to a further increase, especially in
the DT/Chl a ratio (Fig. 6E).
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As already pointed out, Band A showed a higher
content of FCPa4, that is, the complexes that carried the
highest amount of Lhex1, especially under HL. These
FCPa were accompanied by FCPal and FCPb2, both
containing Lhex1 in HL-derived complexes. In contrast,
Band B was mostly composed of complexes devoid of
Lhex1: FCPa2 and the more abundant complexes
FCPa3 and FCPb1. Both bands included a small num-
ber of trimeric complexes that were more abundant
under HL than under LL, and constitutively contained
Lhex6_1 (FCPal or FCPa2, respectively). In Band A, the
amount of this polypeptide was additionally increased
because it occurred in FCPb2 as well.

DISCUSSION

Genes Encoding Light-harvesting Proteins in
C. meneghiniana, C. cryptica, and T. pseudonana

To analyze the FCP subunit composition of C. mene-
ghiniana in detail, the putative gene sequences had to be
elucidated. So far, only the genomes of C. cryptica, that
is, a species closely related to C. meneghiniana, and an-
other centric species, T. pseudonana, are sequenced. The
genome of C. cryptica CCMP332, although publicly
available, has not been functionally annotated yet re-
garding protein functions, and intron-exon borders
have not been verified by transcript analyses so far.
Thus, we searched for Lhc genes using the provided
gene models by comparison with the functionally an-
notated T. pseudonana genes and the few known se-
quences from C. meneghiniana. Although Cyclotella and
Thalassiosira are rather closely related centric diatoms,
both belonging to the order Thalassiosirales (e.g., see
World register of marine species www.marinespecies.
org; Integrated taxonomic information system www.
itis.gov; NCBI taxonomy browser www.ncbinlm.nih.
gov/Taxonomy), differences became obvious (Fig. 2).
Mainly the numbers of the different Lhc genes, such as
Lhcf, Lhcr, Lhcx, or FCP, were reduced in C. cryptica. For
example, Lhcf5 and Lhcr4 could not be detected, and
also Lhcx4 was missing in C. cryptica. In most cases the
missing genes had close homologs that were present in
both species. Thus, they might in fact code for func-
tionally identical proteins and be dispensable. In many
cases several copies of one gene exist, which might be
because of gene duplications that have taken place re-
cently. This certainly holds for, for example, CcLhcfI,
where the gene copies present are identical even up-
and downstream of the coding region.

For C. meneghiniana 1020-1a some Lhc genes had been
identified earlier (Eppard and Rhiel, 1998; Eppard et al.,
2000). All those genes were found in the genome of
C. cryptica CCMP332 with some minor deviations that
concerned mainly the parts of the genes coding for
presequences, but not those encoding the mature pro-
teins. Gene copy numbers especially were slightly dif-
ferent, again arguing for recent gene duplications/
losses. In addition, no gene predicted to encode a
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protein identical to Fcp7 that belongs to the Lhex1
group could be found. The most surprising deviation
was revealed only when testing the expression of the
predicted proteins by MS. Eppard and Rhiel (1998)
reported 5 to 6 copies of Fcp5, a gene that is closely re-
lated to CcLhcf3. Although only one CcLhcf3 gene and
no gene for Fcp5 was found in C. cryptica, both proteins
were revealed in C. meneghiniana by MS. Thus, Fcp5 in
C. meneghiniana 1020-1a most probably derived from a
gene duplication of CcLhcf3 that has not taken place in
C. cryptica CCMP332.

In summary, Thalassiosira and Cyclotella are closely
related species, but still differ in their Lhc sequences.
Even more surprising, some differences were found
between C. cryptica CCMP332 and C. meneghiniana
1020-1a. This highlights that Lhc genes seem to be
highly variable in diatoms and gene duplications and/
or losses seem to be common events.

Subunit Composition of Different FCP Complexes of
C. meneghiniana

Using the newly derived, more complete set of Lhc
sequences, we were able to analyze the subunit com-
position of the different purified FCP complexes. In
total four different FCPa complexes and two FCPb
complexes could be distinguished. The major FCPa3
and FCPa4 and about the same amounts of FCPb1 and
FCPb2 were accompanied by FCPal and FCPa2, which
are present only in minor amounts. When looking at the
overall occurrence of subunits, Lhcfl and Lhcf3/Fcp5
were the most abundant proteins, followed by Lhcf4/
Lhcf6. Lhefl was the major subunit of the very abun-
dant FCPa3 and FCPa4 complexes. Lhcf3 and Fcpb
occurred in every complex at least in small amounts
and were the prominent subunits of both FCPb com-
plexes. Lhcf4 and Lhef6 were also present in almost all
complexes (except for FCPb1) and were the main sub-
units of FCPa2. When the overall protein composition
was compared with that of the pools of FCP complexes
from T. pseudonana reported by Grouneva et al. (2011),
results were very similar, even concerning the rough
quantities of the subunits. In the pools of T. pseudonana
FCPa and FCPb, however, Lhcf5 and Lhcf7 are also pre-
sent, proteins for which no genes were found in Cyclotella.
Lhcf5 is most closely related to Lhcfl and might thus be
redundant. Lhcf7 is only a minor subunit of FCPa in
T. pseudonana, and in addition closely related to Lhcf11.
Thus, although centric diatoms express many Lhcf pro-
teins, the major FCP complexes are built predominantly of
a small set of subunits. The remaining Lhcf proteins were
found in only FCPb2 and FCPa2. In addition, the content
of FCPa2 was highly dependent on the light intensity
used for growth. Thus, the additional Lhcf proteins like
Lhcf11 as well as FCP10 seem to be of regulatory function,
whereas Lhcfl, Lhef3/Fep5, and Lhef4/Lhcf6 are the
more constitutive light-harvesting proteins.

The FCPa pool was differentiated into four sub-
complexes of specific protein composition but almost
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equal pigmentation, except that the minor complex
FCPal especially had an enhanced Chl a/(Chl ¢ + Fx)
ratio. Different populations of trimeric FCP complexes
have also been reported before from the pennate dia-
tom P. tricornutum (Gundermann et al., 2013). In con-
trast with the complexes of C. meneghiniana, these FCPs
are devoid of Lhex and only contain Lhef subunits. In
P. tricornutum, trimers of Lhcf5 are the most abundant
FCP complexes, especially in LL-grown cells, charac-
terized by a low Fx/Chl a ratio. Under HL, more
complexes built mainly of Lhcf4 are present, which
have a higher Fx/Chl a ratio. Therefore, in pennates not
only the abundance of the major complexes but also the
pigment stoichiometries changed, in contrast with
what was seen here. Note that TpLhcf5/PtLhcf5 and
TpLhcf4/PtLhcf4 are rather different despite their
names, falling into different subgroups of Lhcf proteins
present only in pennate or centric diatoms, respectively
(Gundermann et al., 2013). In C. meneghiniana, only the
minor FCPal and FCPa2 were relatively more abun-
dant in the pool of HL-derived FCPa complexes.
According to Chukhutsina et al. (2013), the overall
amount of antenna Chl per photosystems is decreased
under HL conditions as compared with LL. Thus, most
probably in vivo, the amount of the minor complexes
FCPal and FCPa2 per photosystem will not be in-
creased under HL, but remain constant or become less
strongly reduced than that of the major complexes
FCPa3 and FCPa4.

As already reported by Grouneva et al. (2011) for
T. pseudonana, Lhex1 and Lhex6_1 are present in FCPa
complexes in C. meneghiniana. In both species the
amounts are low, but significant. In C. meneghiniana
Lhcx1 was found in the major FCPa4 with an increased
amount when complexes were purified from cells
grown under HL, and only under the latter condition
in the minor FCPal and in FCPb2 as well. The other
Lhex protein, Lhex6_1, was present in FCPal, FCPa2,
and FCPb2. The level of Lhcx6_1 proteins in the
FCPa complexes did not change whether they came
from HL- or LL-grown cells, but in FCPb2 the subunits
were more prominent under HL. For Lhcx4 that is
present in T. pseudonana, no gene could be identified
in C. cryptica/meneghiniana. TpLhcx4 is most closely re-
lated to TpLhcx6 (Fig. 2), but also Lhcx6 is absent from
FCPa complexes from C. meneghiniana. However, the
same was reported for the pool of FCPa of T. pseudonana
(Grouneva et al.,, 2011). For Lhcx6 an increased ex-
pression after short HL stress was demonstrated pre-
viously using whole T. pseudonana cells (Zhu and
Green, 2010). After prolonged illumination levels
dropped again, Lhcx6 might be present only after short-
term exposure in the range of hours, but not in HL-
grown cells as used here.

It must be emphasized that the purified FCPb2, al-
though spectroscopically indistinguishable from FCPb1
and mainly composed of Lhcf3 and Fcp5 subunits,
showed an important difference in binding Lhcx1 and
Lhex6_1 when isolated from cells cultured under HL, in
contrast with FCPb1. Thus Lhcx1 is not only a subunit
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of trimeric FCPa complexes as known before, but also a
subunit of a nonameric FCPb complex in centric dia-
toms. So far only FCPb1 (at that time called FCPb) has
been tested for its in vitro ability to quench fluores-
cence, that is, for its intrinsic capability to contribute to
NPQ. Although fluorescence yield is decreased upon
aggregation in a manner comparable with FCPa
(Elnour et al., 2018), no pH-dependent aggregation and
quenching was observed (Gundermann and Biichel,
2008). Because FCPbl does not contain Lhcx1 that
was demonstrated to be indispensable for pH-dependent
aggregation, this is not surprising. FCPb2, however,
should probably be able to contribute to NPQ in vivo as
well, because of its Lhcx1 content.

Purification of Fractions Composed of Different
FCP Complexes

When the mild procedure of sucrose density centrif-
ugation was used for separation of FCPs, two bands
were obtained that differed in FCP composition, al-
though comprising FCPa and FCPb complexes in both
cases. As known from literature, such preparations also
retain good amounts of lipids (Lepetit et al., 2010). Be-
cause of the separation principle of density gradients,
simple coelution of different nonameric and trimeric
complexes of similar protein composition in both bands
seems unlikely, and the two bands are thus hypothe-
sized to represent different supramolecular assem-
blies (Fig. 7). One band is enriched in FCP complexes
that incorporate Lhex1 especially under HL conditions
(FCPa4, FCPal, and FCPb2), and the other contains
only little Lhex1 because of its high content of FCPb1
and FCPa3. Both have a small amount of FCPa com-
plexes that incorporate Lhex6_1 (FCPal or FCPa2, re-
spectively), and FCPb2 also contains Lhex6_1 under HL
conditions. This overall organization is extremely dif-
ferent to pennate diatoms like P. tricornutum, where (1)
nonameric FCPs of specific composition are lacking, (2)
Lhex1 has not been found in trimeric FCP complexes so
far, and (3) no Lhcx homologous to Lhex6_1 is present.

It has to be emphasized that both methods used here,
that is, IEX and sucrose density centrifugation, sub-
divided the ‘free’ pool of FCP, those FCPs that are easily
removed from the photosystems even by mild solubi-
lization. When separating complexes by sucrose den-
sity centrifugation, PSI retains a considerable amount of
antenna proteins, whereas only little Lhc are found in
the PSII band (Veith and Biichel, 2007; Veith et al.,
2009). Thus, most of the antenna complexes consid-
ered here are probably serving mainly PSIL. This is
supported because the red shifted Fx molecules as
found in FCPb1 and FCPb2, that is, in Band B and Band
A, respectively, are predominantly transferring excita-
tion energy to PSII (Chukhutsina et al., 2013). A pref-
erential localization of PSII in the inner core membranes
of the typical stack of three thylakoids each has been
shown recently (Flori et al.,, 2017). It is tempting to
speculate that the more abundant FCPs of Band A serve
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Figure 7. Model of the hypothetical arrangement of FCP complexes
around PSII. Note that the actual stoichiometries inside the bands are
different, especially with a higher content of FCPa3 and FCPa4 (see
Fig. 6). Because Lhcx1 (red) and Lhex6_1 (yellow) are present in dif-
ferent amounts in complexes from HL- or LL-grown cells (Tables 2 and
3), they are only indicated by small wedges. Note that PSI super-
complexes are built as outlined in Fig. 1B. Only Lhcx1 containing FCPa
complexes, that is, mainly FCPa4 (and FCPal) of Band A, have so far
been demonstrated to be involved in the aggregation of complexes
needed for NPQ (Gundermann and Biichel, 2012; Chukhutsina et al.,
2014).

PSII that is located in the core membranes. This is in line
with the hypothesis of Lepetit et al. (2012) that the core
membranes are enriched in monogalactosyl diglycerol.
The lipid was shown to be essential for proper function
of the enzyme converting DD to DT (Goss et al., 2009).
Band A contained significantly more DD and its con-
version product DT than Band B, supporting the idea of
its preferential localization in the core membranes.
Band B might then be more closely arranged to the
minor amount of PSII found in the peripheral mem-
branes, but the absence of Lhex1 would leave these PSIT
complexes unprotected by the part of NPQ that is re-
lated to Lhex1. Thus, all PSII complexes are probably
surrounded by both supramolecular assemblies (Fig. 7),
albeit maybe to a different extent in the core and pe-
ripheral thylakoid membranes. However, as long as the
precise distribution of proteins and lipids between the
core and peripheral membranes and the function of
the other Lhex proteins in centric diatoms is unknown,
this question has to remain open.

Relevance of the Different FCP Complexes for NPQ

It was reported that in C. meneghiniana only FCPa
complexes, but not FCPb, are able to quench fluores-
cence in a pH- and DT-dependent manner, that is, to
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contribute to the energy dependent part (qE) of NPQ
in vivo (Gundermann and Biichel, 2012; Chukhutsina
et al., 2014). This quenching ability was shown to de-
pend on the Lhex1 content that is increased under HL
conditions (Gundermann and Biichel, 2008), whereby
Lhex1 is not the direct quencher but thought to enable
the aggregation of FCPa complexes needed for the
quenching (Ghazaryan et al., 2016). Thus, the Lhex1
containing FCPa and FCPb2 complexes in Band A
should be the ones involved in NPQ, an idea that is
supported by the higher DT content of Band A in
comparison with Band B, especially in HL thylakoids.
FCPs of Band B then constitute the basic antenna of
PSII, involved mainly in light harvesting but not in
energy-dependent quenching relying on Lhex1 and DT.
Centric diatoms like Cyclotella show a biphasic devel-
opment of the energy-dependent part of NPQ over
time, termed gE1 and qE2, whereby the latter is de-
pendent on DT accumulation (Grouneva et al., 2008).
The first phase was recently shown to be subdivided
into gEla and gElb, depending on FCPs close to PSII
and on aggregated FCPs, respectively (Chukhutsina
et al., 2014). FCP complexes containing Lhcx1, for ex-
ample, FCPa4 and maybe FCPb2 present in Band A,
will thus be responsible for qE1b because of aggrega-
tion mediated by Lhcx1. Quenching of fluorescence
dependent on DT (qE2) is again more likely for Band A
complexes, because they are enriched in DT. In this
case, no attribution to certain complexes can be made,
but at least for FCPa complexes DT-dependent
quenching was proven (Gundermann and Biichel,
2012). Whereas the Lhcx1 content is strongly depen-
dent on the illumination condition, Lhex6_1 seems to be
more constitutively present. If Lhcx6_1 is also involved
in gE, gE1a might then be because of Lhex6_1-enriched
FCPal/2 complexes that are present in both bands,
which would argue for a localization closer to the core
(Fig. 7). The same holds for FCPb2. If one compares the
distribution and action of Lhcx proteins of C. mene-
ghiniana with those of P. tricornutum, some similarities
but also again differences become obvious: In P. tri-
cornutum Lhcex3, but not Lhex1, is much more up-
regulated under HL conditions, making Lhex1 the
prevalent form under LL conditions (Taddei et al.,
2018). Because Lhex1 was detected in FCPs as well as
in both PS fractions, whereas Lhcx3 was only found in
FCP and PSI, Taddei et al. concluded that the PSII core
quenching (qE2) is more related to Lhcx1l and consti-
tutes a form of ‘basal” quenching, whereas Lhcx3 (and
maybe Lhcx2) is responsible for antenna quenching
(gE1) introduced by prolonged HL conditions. Thus,
Lhex1 would play a different role in the two major
groups of diatoms: it would be responsible for a ba-
sal, core-related quenching in pennate diatoms, but
for antenna quenching inducible by prolonged HL
in centrics, whereby the latter role is taken by Lhcx3
in pennates. In addition, Lhex6_1 seems to consti-
tute a quenching possibility that is more closely
connected to the core, like Lhex1 in pennates. How-
ever, the function of Lhex6_1 is completely unknown
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so far, and this hypothesis will have to be proved in
the future.

CONCLUSION

The FCP complexes of the thylakoid membranes of
centric diatoms can be separated into two bands using
sucrose density centrifugation, both consisting of tri-
meric as well as nonameric complexes of different
subunit composition. Whereas Band A consists mainly
of FCPa4 accompanied by FCPb2 and small amounts of
FCPal, Band B includes mainly FCPb1, FCPa3, and
little FCPa2. Whereas Band A thus contains mainly the
complexes that accumulate Lhex1 under HL, this is not
the case for Band B. Both bands contain Lhcx6_1 as
subunits. The presence of nonameric and trimeric
complexes of similar protein and pigment composition
in both bands renders simple coelution unlikely, and
the bands might thus represent supramolecular as-
semblies of different solubilization properties. Because
of their spectral properties, they most likely serve PSII
energetically. Thus, the antenna organization of centric
diatoms is not only extremely different from what is
known from vascular plants, but also differs signifi-
cantly from the organization in pennate diatoms: dif-
ferences concern not only oligomerization but, most
importantly, the distribution of different Lhex proteins
known to work in photoprotection.

MATERIALS AND METHODS
FCP Preparation

The centric diatom Cyclotella meneghiniana (Culture Collection Goéttingen,
strain 1020-1a) was cultured for 7 d in modified artifical sea water medium
according to Provasoli et al. (1957) under either LL (40 umol quantam~2s~!) or
HL (140 pmol quanta m~2 s~ !) conditions with 16-h light and 8-h dark and
constant shaking at 120 rpm.

Cells were harvested in the first hour of light by a centrifugation at 4304 g for
3-5 min at 4°C. Thylakoid preparation was performed according to the method
described in Beer et al. (2006) by differential centrifugation after breaking the
cells using a bead mill. Thylakoids of 0.25 mg Chl a/mL were solubilized with
20 mm B-dodecyl maltoside for 20 min on ice by gentle shaking. FCP complexes
were then either isolated by IEX on DEAE-650S Toyopearl (Tosho Bioscience)
followed by sucrose density centrifugation in buffer Bla (2 mm KCl, 25 mm Tris,
0.03% [w/v] B-dodecyl maltoside at pH 7.4) according to Gundermann and
Biichel (2008) or by sucrose density centrifugation only (Biichel, 2003). In both
cases subpopulations of the pool of FCP complexes were then separated by a
further IEX run, using the same buffer system as before. For an overview of the
preparation procedure see Fig. 3. Concentration of samples was performed
using filtration devices with a M, cutoff of 30 kDa (Centripreps, Merck Milli-
pore) at 1000 g and 4°C. The samples were frozen in liquid nitrogen and stored
at —80°C until further use.

Spectroscopy

Chlorophyll content was measured in 90% (v/v) acetone and calculated
according to Jeffrey and Humphrey (1975). Absorption spectra were recorded in
a Jasco Spectrophotometer (V-550) between 370 and 750 nm with 1-nm band-
width and 1-cm optical path length. For recording fluorescence spectra, samples
were adjusted in the Qy maximum of Chl a to around 0.03, which corresponds
to roughly 0.3 ug Chl a/ml. Fluorescence spectra were measured using a Jasco
Fluorometer (FP-6500) with 3-nm bandwidth for the emission as well as for
the excitation side. The photomultiplier was corrected via a calibrated lamp
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spectrum and the excitation side by a Rhodamin B spectrum. For emission
spectra samples were excited at 465 nm to preferentially excite Chl ¢, and
emission was recorded from 600 to 800 nm. For the excitation spectra the sample
was excited from 400 to 600 nm and emission was recorded at 675 nm.

Pigment Analysis

Pigments were extracted with 90% (v/v) acetone (final concentration).
Precipitated proteins were pelleted at 13,000 g in a precooled table top centrifuge
for 10 min at 4°C, and the supernatant was injected into an HPLC system, run
as described in Papagiannakis et al. (2005), using a reversed phase column
(Lichrosorb RP18, 5 um, 250 mm X 4 mm).

Protein Analyses

The oligomeric state of the FCP complexes was analyzed as described in
Biichel (2003) and Beer et al. (2006) by analytical SEC using Superdex200 (GE
Healthcare) as column material and a flow rate of 0.3 mL/min Bla buffer on an
AKTA purifier P-900 (Amersham Biosciences). Elution was recorded at 437 nm,
and the same size calibration was used as described before (Roding et al., 2018).

Proteins were separated by 10% (w/v) SDS-PAGE that contained 0.3% (w /v)
piperazine diacrylamide as a cross-linker (Wagner et al., 2004) for LC-ESI-MS/
MS analysis. Samples equivalent to 1 ug Chl a were denatured using Rotiload
(4:1, v:v). Subsequent to the gel electrophoresis, the gels were silver stained
(Heukeshoven and Dernick, 1985). For mass spectrometric analysis, the part of
the lanes between about 15 and 25 kDa from HL- or LL-FCPs was excised, gel
slices destained for 8 min at room temperature with freshly prepared destaining
solution (15 mm K;[Fe(CN)g] and 50 mm NaS,03), and washed four times with
MS-grade water. Proteins in the gel slices were in-gel tryptically digested. The
peptide solution was desalted by reversed phase chromatography using Zip-tip
pipette tips (Veith et al., 2009) and then subjected to nano LC-ESI-MS/MS using
an UltiMate 3000 nano HPLC apparatus (Dionex, now Thermo Fisher Scientific)
coupled online with a linear ion trap mass spectrometer (Finnigan LTQ; Thermo
Electron) as described previously (Veith et al., 2009). Data were analyzed using
the Thermo Electron Corp. Proteome Discoverer software (version 1.4) that
includes the SEQUEST algorithm (Link et al., 1999). A new database was cre-
ated, consisting of the predicted Lhe-related C. cryptica CCMP332 protein se-
quences including all possible gene models and the translated Fcp sequences
from C. meneghiniana (former C. cryptica) strain 1020-1a according to Eppard
and Rhiel (1998). A false discovery rate of equal to or less than 1% was applied.
The minimum Xcorr for the three charge states was set to 2.0 for +1, 2.5 for +2,
and 3.0 for +3. Only proteins that were identified with at least two different
unique peptides have been considered further and are listed in the tables.

Bioinformatic Methods

Lhcf, Lhcr, Lhcx, and FCP genes annotated for T. pseudonana in the JGI
database (https://genome.jgi.doe.gov/Thaps3/Thaps3.home.html) were used
for BLAT (basic local alignment search tool like) search in the C. cryptica
CCMP332 genome data (http://genomes.medb.ucla.edu/cgi-bin/hgGateway?
hgsid=75138&clade=plant&org=C.+cryptica&db=0), searching the translated
nucleotide sequences against protein sequences. The published gene sequences
for C. meneghiniana 1020-1a (Eppard and Rhiel, 1998) were also used for se-
quence retrieval. In the C. cryptica genome gene models are based on only au-
tomatic Augustus prediction so far. Every hit was checked using Clustal Omega
(Sievers et al., 2011). In case of several predictions for the same locus, all possible
models were taken into account for the identification of proteins in MS analyses.
For calculation of simple phylogenetic trees, Clustal Omega using the default
settings was used as well, whereby either of those gene models verified by
MS were taken, or the gene models showing the closest resemblance to
T. pseudonana genes.

Accession Numbers

Sequence data from this article can be found in the JGI database (https://
genome.jgi.doe.gov/Thaps3/Thaps3.home.html) in the case of T. pseudonana and
under http://genomes.medb.ucla.edu/cgi-bin/hgGateway?hgsid=75138&clade=
plant&org=C.+cryptica&db=0 in the case of C. cryptica CCMP332. C. meneghiniana
1020-1a (former C. cryptica 1020-1a) sequences can be found in the GenBank/
EMBL data libraries under accession numbers AJ000670 (Fcpl), AJ000545
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(Fcp2), AJ000965 (Fep3), AJ005838 (Fcp4), AJ000967 (Fcp5), AJ000968 (Fcpé),
AJ000969 (Fcp7), AJO00970 (Fcp8), AJ000971 (Fep9), and AJ005839 (Fcp12).

Supplemntal Data

The following supplemental materials are available:

Supplemental Figure S1. Comparison between gene sequences encoding
subunits of FCP complexes.

Supplemental Figure S2. Absorption spectra of FCPa4, FCPbl and free
pigment (FP), and HPLC analysis of FP.

Supplemental Figure S3. Fluorescence emission spectra and fluorescence
excitation spectra of subpopulations of HL-FCPa.

Supplemental Figure S4. Pigment stoichiometries in mol pigment/mol
Chl a in FCPal-4 from HL and LL grown cells.

Supplemental Figure S5. SEC elution profiles of HL-FCPal-4, HL-FCPb2,
HL- and LL-FCPb1 as well as LL-FCPb1*.

Supplemental Figure S6. Fluorescence spectra of HL-FCPb1, HL-FCPb2,
HL-FCPa4, LL-FCPb1 and LL-FCPb1*.

Supplemental Figure S7. SEC elution profile of LL-Band A and LL-Band B
taken directly from Suc gradients.

Supplemental Table S1. Results from mass spectrometric analysis of pu-
rified FCP complexes.
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