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Table 1 - P. tricornutum Samples, treatments and growth rates

sample # 1 2 3 4 5 6
light LL NL HL LL NL HL
iron high high high low low low

growth phase exp. exp. exp. exp. exp. exp.
_growth ratepy 0.67 = 0.83 % 0.80 % 0.23 £ 0.16 £ 0.09 £
[d'] 0.06 0.03 0.02 0.04 0.08 0.07
stress level MIN control HL low iron combined

RT-qPCR X X X - X X

sample # 7 8 9 10 11 12
light LL NL HL LL NL HL
iron high high high low low low

__growth phase stat. stat. stat. stat. stat. stat.
stress level MAX
RT-gPCR - - - - - X

LL (low light) 50 uE m™2*s™!; NL (normal light) 150 uE m™>*s™'; HL (high light) 450
ME m™2*s,

high iron 10 yM FeCls; low iron 5 nM FeCls.

exp. exponential growth; stat. stationary phase.

The growth rate p [d™] for exponentially growing cultures is provided as mean %
SD of two samples.

The overall stress level is assumed to increase from sample 1 to 6 and from
sample 7 to 12 respectively.

Selection of samples for RT-gPCR analysis as indicated.

Pigment analysis with HPLC reveals a gradual light-dependent
decrease in the main pigments (Chl a, Chl ¢ and Fucoxanthin) under
all conditions, with the absolute amount of xanthophyll cycle
pigments (Ddx, Dtx) staying unaffected (Table 2). The
deepoxidation state of the XC pigments is indicative of the cellular
energy dissipation status and increases slightly with light. In
agreement with the chlorotic phenotype, low iron cells have much
lower pigment content compared to high iron controls. XC pigments
are less affected and, hence, show a relative increase under these
iron limited conditions. At stationary phase cellular pigment content
is comparable to exponential phase for main pigments, but the XC
pigment pool is enlarged. For the pigment-rich iron replete cells an
extraordinary high deepoxidation state is observed.
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Table 2 - P. tricornutum Cellular pigment content and xanthophyll
de-epoxidation state

LL NL HL LL NL HL (low iron)gnt /
exponential growth  high  high high low low Ilow igh iron)y.
) ' ' . h . (high iron)ignt
iron iron iron iron __iron___iron
Chl a 445 305 176 41 22 14 0.08 = 0.01
[amol/cell]
Chl c; + Chl c; 130 77 44 22 10 6 0.15 + 0.02
[amol/cell]
Fucoxanthin ., 287 178 82 45 27 0.16 £ 0.02
[amol/cell]
Ddx + Dtx o3 103 116 22 31 27 0.26 + 0.04
[amol/cell]
Diadinoxanthin 93 99 105 22 30 25
[amol/cell]
Diatoxanthin 0 4 11 0 1 2

[amol/cell]
DES
[Dtx / (Ddx + Dtx)]

(Ddx + Dtx) /
Fucoxanthin

0.00 0.04 0.09 0.00 0.03 0.07

0.21 0.36 0.65 0.27 0.69 1.00

LL NL HL LL NL HL (low iron)ihe /
stationary phase high  high  high low low low igh iron),.
iron iron iron iron iron iron (9N iron)ignt
Chla 444 117 108 37 17 18 0.13 £ 0.04
[amol/cell]
Chlc, + Chlc, .. 68 48 23 8 4 0.13 £ 0.06
[amol/cell]
Fucoxanthin 469 263 188 90 39 23 0.15 = 0.04
[amol/cell]
Ddx + Dtx 5y 134 140 34 35 34 0.24 + 0.02
[amol/cell]
Diadinoxanthin 116 114 94 33 34 31
[amol/cell]
Diatoxanthin 35 20 46 1 1 3

[amol/cell]
DES
[Dtx / (Ddx + Dtx)]

(Ddx + Dtx) /
Fucoxanthin

0.23 0.15 0.33 0.03 0.03 0.09

0.32 0.51 0.74 0.38 0.90 1.48

The photosynthetic performance of Phaeodactylum was assessed
from the relative electron transport rates (rETR) measured during
light curves with incident light levels increasing from 44 to 900
ME*m™*s! (Figure 1). Maximal operating efficiency of PS II
(operational quantum yield) is achieved in exponentially growing
cells under iron replete conditions at the lowest light level, maximal
rETRs are achieved under same conditions at highest non-inhibitory
light levels with a strong impact of the experienced degree of light
acclimation. Low iron and stationary phase both induce a strong
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decrease in the PS II operating efficiency and, accordingly, rETRs
are low. Minimal values are observed under the impact of both
stresses combined (i.e. for chlorotic and severely iron starved cells).

The cellular light utilization is best characterized by the
fractionation of absorbed light transferred to PS II into
photochemistry (®ps 11), constitutive (®¢, p) and regulated energy
dissipation (®npq) at the site of PS II [20] (Additional file 1 - Figure
S2). The fraction assigned to photochemistry was integrated across
55 to 800 pE*m™2*s™! to obtain a representative value for the gross
photosynthetic performance of Phaeodactylum. The distribution of
these values across the parameters growth phase, iron supply and
light conditions was visualized through box whisker plots (Additional
file 1 - Figure S3) and reveals that the impact of iron supply and
growth phase on photochemistry dominates over light acclimation
effects. The dependence of photochemistry on iron and growth
phase is summarized in an interaction plot (Additional file 1 - Figure
S4).
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Figure 1 - Photosynthetic performance upon acclimation to
different growth conditions
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Figure 1 (continued)

The photosynthetic performance of Phaeodactylum varies upon
acclimation to different combinations of ambient light intensity, iron
supply and growth phase. The development of the relative Electron
Transport Rate (rETR) and PS II quantum yield during increasing levels of
ambient light (light curve) was determined from variable chlorophyll
fluorescence and is shown for all cultures. The impact of iron supply and
growth phase on photochemistry dominates over light acclimation effects.

L (LL) - low light 50 pE; N (NL) - normal light 150 pE; H (HL) - high
light 450 pE; 10 - high iron 10 uM FeCls; 5 - low iron 5 nM FeCl;; E -
exponential growth; S - stationary phase; PAR - photosynthetically active
radiation [uE].

Differential stress response of FCP-like,
photosynthesis-related and low iron-responsive
genes

The differential stress response of Phaeodactylum with respect to
the parameters ambient light level, iron supply and growth phase
was assessed at the transcriptional level by RT-gPCR on RNA from
selected cultures that show an increasing need for energy
dissipation (Table 1). Tested genes comprise the complete group of
FCP-like proteins (listed and defined in Table 3), an additional group
of genes involved in photosynthesis and mitochondrial metabolism,
as well as a range of genes that are known to be highly responsive
to low iron from earlier experiments on iron-limited Phaeodactylum
[21] (Additional file 2 - Table S1). The 18S normalized expression
level is provided for the control sample (NL) as relative transcript
number on an arbitrary log; scale, while differential gene expression
is represented as the difference between the 18S normalized ACt
values of a sample and its control (Figure 2).

Among the FCP-like group the highest expression levels under
control conditions (normal light, high iron, exponential growth) are
achieved by members FCPB2, LHC5, LHC 8 and CPQ2 (expression
levels >15.5). The majority of FCPs (subgroups FCP, FCPA, FCPB,
LHC) exhibit expression levels between 12 and 15. Low expression
between 7 and 10 is shown by ELIP1-2 and subgroups FCPAQ and
CPQ. Among photosynthetic genes highest expression levels are
achieved by the labile D1 protein (20), RubisCO large subunit (17)
and carbonic anhydrase (16), while main components of the
photosynthetic electron transport chain show a range of relatively
high expression levels (11 to 15). Expression of tested
mitochondrial enzymes is rather low (<8) under control conditions,
as well as expression of many low iron-responsive genes like ISIP1,
FCR and FRE2, whose products are all targeted to the cell surface (9
to 11). Of specific interest is the comparably high expression level
(>15) of CPQ2 from the LI818-like FCP clade.
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The impact of acclimation to different levels of ambient light on
differential gene expression was assessed by comparing expression
levels of iron replete and exponentially growing low light (LL) and
high light (HL) samples to a normal light (NL) control (Figure 2).
Among the FCP-like group we observe regulation patterns that
correlate with the different FCP subgroups, just as for the
expression level. Members of the subgroups FCP, FCPA, FCPB and
LHC are up-regulated upon low light acclimation and down-
regulated upon high light acclimation, whereas ELIP2 and subgroups
FCPAQ and CPQ are further down at LL and up or unaffected at HL.
The expression levels of the tested photosystem center subunits
PsbA (PS II) and PsaA (PS I) are rather not light responsive with
respect to the chosen standard 18S. The tested mitochondrial
enzymes, as well as most genes from the low iron-responsive group
show a clear low light response (down-regulation), but are not
significantly responsive to high light.

The low iron response of exponentially growing cells was assessed
by comparing the low iron NL and HL samples to the high iron NL
control, with low iron HL expected to show the combined impact of
high light and low iron stresses on cellular gene expression. Among
the FCP-like group low iron leads to strong specific up-regulation of
members FCP1, FCPB1&2, LHC3&9, FCPAQ1&3&4 and CPQ4.
Conversely, genes for subunits involved in photosynthetic electron
transport are rather down-regulated, while genes for mitochondrial
enzymes show strong up-regulation. Genes that are known for their
strong induction upon low iron show accordingly the highest effect.
Additional high light stress increases 18S-normalized relative
expression levels observed at low iron further for almost all genes
tested.

Characteristics of the stationary growth phase were assessed by
comparing a maximally stressed sample STAT (high light, low iron,
stationary phase) to its exponentially growing control (high light,
low iron, exponential growth). Here, a large-scale down-regulation
of transcript levels is observed for almost all genes tested. Notable
exceptions are the specific induction of CPQ4 and members of the
FCPAQ subgroup.

Besides these general trends the stress response of some specific
genes is of special interest for further discussion. Among the FCP-
like group we observe co-regulation of ELIP1 & ELIP2, co-regulation
of FCP1 & FCPAQ1, the differential regulation of CPQ3 & CPQ4 in
response to low iron, the light-specific regulation of LHC8, and a low
light response of CPQ4 & FCPAQ3 that is also found for genes under
iron-specific control. Among the group of photosynthesis-related
genes we observe the differential regulation of ferredoxin (PetF) &
flavodoxin (FIdA) in response to low iron, and the induction of an
alternative ferredoxin-NADPH oxidoreductase (PetH2) at low iron or
high light conditions. In the group of low iron-responsive genes we
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observe the uniformly high expression level of ISIP1 in all low iron
samples, the differential regulation of the bicarbonate transporters
BCT1 & BCT2 in response to low iron or low light, the strong
induction of the heat-shock transcription factor HSF2 upon low iron,
and a significant low light response of genes that are suggested to
be part of the high-affinity iron-uptake system (ISIP1, FCR and
FRE2).

The gene for the RNA polymerase II large subunit RPB1,
commonly used as a molecular standard, is differentially regulated
at low iron with respect to 18S. This indicates that normalization to
different commonly used standard genes will produce different
results. RPB1 transcript levels are generally assumed to be more
constant per cell, while expression of ribosomal components like
18S rRNA is rather correlating with the gross cellular activity or
growth rate. While 18S is a proper reference standard for genes,
whose activity correlates with growth rate, the better standard for
genes, whose products are part of rather constitutive compartments
like the cellular surface, is RPB1. Accordingly, for cell surface genes
like FRE, FCR, ISIPs a true up-regulation (per cell) upon low iron is
only observed, when their regulation overtops the relative
regulation of RPB1 (2.1 for low iron, normal light, exponential
growth). Notably, the only Phaeodactylum FRE gene, whose
regulation matches these criteria of low iron-specific induction is
FRE2. Moreover, the ISIP2 gene that has been regarded to be
strongly induced upon low iron does not match these criteria. If
expression on transcript level correlates with protein expression,
ISIP2 rather represents a constitutive cell surface protein showing a
virtual up-regulation in response to low iron as a result of its
normalization to the growth rate dependent reference gene 18S.
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Superfamily of FCP-like Proteins

E . control Low Iron Differential
Xxpression [LL [N JHC ][ NG| HU | [STAT] Gene
Level :
8s [ 00 [ 00 T w00 ] [ oo T o0 ] [o0o J1ss Expressmn
ELIP1 ELIP1 K] 0.0 0.1 0.1 I 1.1 I -0.4 ELIP1
i ELIP2 ELIP2 X 0.0 07 0. 11 0. ELIP2
inverse ACy ELIP3 |74, ELIP3 0.0 05 0. 02 0. ELIP3 AACy
cPQ1 : cPQ1 x 0.0 0.0 0. 0.4 cPal
>17.0 cPQ2 cPQ2 ED 0.0 0.5 0. 11 0. CPQ2 > 20
- 155 e 0 ol SRl L
>13.5 FCPA1 FCPA1 4 0.0 0. FCPA1 > 1.0
FCPA2 FCPA2 7 0 0. FCPA2 > 05
FCPA3 FCPA3 0 0 0. FCPA3 -
<11.0 FCPA4 FCPA4 ) 0. 0. FCPA4
FCPA5 FCPAS - 0 0. FCPAS
< 90 FCPA6 FCPA6 X 0 0. FCPAG < 05
< 7.0 FCPA7 FCPA7 ) 0. 0 FCPA7 < 1.0
FCPAS 5 FCPAB : 0 0. FCPAS
< 50 FCPA9 I FCPA9 ] 0. 0. FCPA9 < 20
FCPAQ1 1 FCPAQ1 0. 0 0. FCPAQ1
FCPAQ2 7. FCPAQ2 0.0 0 i FCPAQ2
FCPAQ3 9 FCPAQ3 0. 1 FCPAQ3
FCPAQ4 50 FCPAQ4 0 FCPAQA
FCPAQ5 [ 10.1 FCPAQS [0 0 X FCPAQS
FCPAQ6 - FCPAQS [0 0 - FCPAQS
FCPAQY FCPAQ7 [0 0 0. FCPAQT
FCP1 FCP1 - 0 0. FCP1
FCP2 FCP2 K 0 - 0.7 0.4 . FCP2
FCP3 FCP3 I 0. - 0. 4 - FCP3
FCP4 FCP4 - 0 0. 0. 7 - FCP4
FCP5 FCP5 [ 0. 0 X 0. 7 - FCP5
FCP6 FCP6 [ 0. 0 0.3 0. 4 10| FCP6
FCPB1 FCPB1 0. 0 0.1 1. 09 | FCPB1
FCPB2 [III6: FCPB2 0 10 1. 00 | FCPB2
FCPB3 |12, FCPB3 0 0.1 0. 12 06 | FCPB3
FCPB4 [ 14, FCPB4 0 04 0. 07 07 | FCPB4
FCPBS5 o1 FCPBS 0 0.7 0. 02 X FCPBS
LHC1 LHC1 0 08 0. 09 =R LHC1
LHC2 y LHC2 0. 03 0. 1 0. LHC2
LHC3 - LHC3 0 BN 0. LHC3
LHC4 32 LHC4 0 0 0. 0. E LHC4
LHCS LHC5 0 0. 0. 02 =1 LHC5
LHCe |11 LHCB - 0 0 0. 0 10| LHCe
LHC7 1A LHC? 0 0 -0 0. 0 07 | LHCT
LHC8 16. LHC8 ! 0. EN 0. =L A7 LHC8
LHCY 15, LHCO 0.0 0.0 0. 206 | LHCY
Photosynthesis and Mitochondrial Metabolism
£ ) control Low Iron Differential
xpression [te [ NC ] HC ][ NC | HU | [STAT] Gene
Level .
18s [N 188 [ 00 [ 00 [ 00 ] [00 T 00 ] [00 J1ss Expressmn
PsbO PsbO .6 0.0 0. 0.7 A -0.3 PsbO
i PsbP [ 76 | PsbP 4 0.0 0. 0. 4 0.7 | PsbP
inverse ACy PsbM PsbM 5 0.0 0. 0 0 - PsbM AAC
PsbA PsbA [ 0. 0.0 0. 0. 0 = PsbA
>17.0 PetA | 124 PetA 0.0 0 EX 04 = PetA > 20
>15.5 PetC 10. PetC . 0.0 0. 0. L7 E PetC > 1.5
' PsaA 15. PsaA X 0.0 0. -0. -0.2 -0.4 PsaA "
>13.5 PetF 13. PetF X 0.0 0. 15 =7 0. PetF > 1.0
FidA [ 14 FidA |03 0.0 0. -0 FldA > 05
PetHt [ 112 PetH1 7 0.0 07 07 0.4 -0 PetH1 :
<11.0 PetH2 PetH2 0.1 0.0 | 9 0. PetH2
Rbel | 169 Rbel 0 0.0 0. 0.8 1.0 = Rbel
< 9.0 < 05
: HemE1 8.1 HemE1 04 0.0 0. - HemE1 -
< 7.0 HemF1 9. HemF1 03 0.0 0. K HemF1 < 1.0
ZEP3 [0 ZEP3 0 0.0 0 0. ZEP3
< 50 CA |51 cA 05 0.0 0. 0 CA < 20
ACO ; ACO 0. 0.0 0. 05 | ACO
AOX AOX - 0.0 X 0.1 AOX
PEPCK PEPCK 0.0 0. 0.7 | PEPCK
PEPC1 PEPC1 - 0.0 1400 PEPCI
PEPC2 PEPC2 E 0.0 02 PEPC2
Iron-Responsive Genes
£ ) control Low lron Differential
Xpression [t [ N | H | [ NC [ HU | [STAT] Gene
Level :
18s 00 1 o0 T o0 ] oo T o0 ] [o0o ]1ss Expressmn
ISPt [ 1SIP1 0l 08 0 ISIP1
; 1SIP2 |14 1SIP2 0 0.0 0 ISIP2
inverse AC 1SIP3 5.4 1SIP3 0 03 =0 1SIP3 AAC,
FCR 5 FCR E 0 02 0.4 FCR
>17.0 CRLP 11.7 CRLP 2 0. 0. 0. CRLP > 20
VR % TYR E 0 0. 0 TYR
> 155 FRE1 [ 107 FRE1 - 0 0. 0 FRE1 > 15
>13.5 FRE2 ] FRE2 E 0 0 0. FRE2 > 1.0
FRE3 FRE3 - 0 0 0 FRE3 > 05
FRE4 FRE4 0. X 0. 04 FRE4 -
<11.0 CytB561 I CytB561 0. 0. 0. 0.4 CytB561
FeSOD [__10- FeSOD 0. 0 0. B FeSOD
< 90 MnSOD MnSOD 0.8 0 0 0. MnSOD < 05
< 7.0 BCT1 1 BCT1 0. 0.1 0.4 BCT1 < 1.0
< 50 BCT2 [0, BCT2 3 0. 0. 0. BCT2 <
. FBA2 [ 13, FBA2 09 0 0. 0. FBA2
HSF2 4.0 HSF2 06 0 1 0.1 HSF2
HSFT [ 100 | HSF1 5 0 0 06 | HSF1
HSP20a [T B8 HSP20a 0 0 04| HSP20a
HSP20b 35 HSP20b 16 0. 0. EX HSP20b
IscA [ 10, IscA [ 02 0 0. K IscA
FER 7. FER 04 0 0 0.4 FER
NRPS 5. NRPS 0.9 0. i, 0. NRPS
RPBA 8.4 RPB1 0 0. 0. 0 RPB1

Figure 2 - Differential gene expression in response to light, iron
supply and stationary phase
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Figure 2 (continued)

Differential gene expression was tested with RT-qPCR on cultures that
show an increasing need for energy dissipation. Relative transcript levels
are shown for the “"NL” control sample by inverting 185-normalized AC+
values to obtain an arbitrary log, scale (left). The differential expression
with respect to the control sample is provided as AAC; with the exception
of "STAT"” that is compared to the “Low Iron & HL” sample instead (right)
for the purpose of isolating the stationary phase effect. Expression data
for the RPB1 gene (bottom), whose cellular transcript level is assumed to
be relatively constant, suggests much of the up-regulation observed in the
Low Iron samples for mitochondrial or cell surface protein genes are
rather 18S-based normalization artefacts (see text). The FCP group shows
a complex differential regulation suggesting a major remodelling of the
photosynthetic apparatus. Most stress responsive are FCP genes from the
CPQ and FCPAQ groups.

LL - low light, high iron, exponential growth; NL - normal light, high
iron, exponential growth; HL - high light, high iron, exponential growth;
Low Iron & NL - normal light, low iron, exponential growth; Low Iron & HL
- high light, low iron, exponential growth; STAT - high light, low iron,
stationary phase; gene abbreviations defined in Additional File 2.

Rational constraints for FCP categorization and for
the assignment of a putative functional context to
FCPs

Growing experimental evidence suggests many functional features
of photosynthetic energy management be mediated by proteins of
the FCP superfamily (FCPs and ELIPs). Among these functions is the
harvesting of light energy as well as the different flavours of energy
dissipation, whose regulated und thus more variable component
NPQ can be detected by fluorescence techniques at the site of PS II,
but not at the site of PS I or in the fraction of free FCPs. The main
purpose of this work is to use the information derived from
phylogenetic clustering and gene expression analyses as well as
from biochemical findings [15] for proposing candidate FCPs for
each of these mandatory functional groups as a working hypothesis
for future biochemical approaches.

While the hypothetical assignment of a possible functional context
to most FCPs inherently will remain highly speculative within this
theoretical framework, we nevertheless can follow some rational
objectives for providing a consistent categorization of FCP, for
developing an evolutionary trajectory and for speculating on FCP
interactions.
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The underlying rational constraints are:

% FCPs preferentially form stable trimeric complexes.
% Co-occurence of FCPs in the same trimer or functional interaction
may preferentially be expected from
» FCPs co-located in the same phylogenetic cluster (similar
sequence and structure),

» FCPs that show a similar level of expression (RT-gPCR),

» FCPs that show co-regulation or oppositional regulation with
respect to their differential stress response (RT-qPCR).

% Each photosystem is expected to have a specific set of inner
antenna FCPs, while additional FCPs may be recruited to the
photosystems from a larger pool of accessory FCPs (in analogy to
green plants).

% High conservation on sequence level (short phylogenetic
branches) implies high conservation of function and is expected
for rather ancient FCPs (e.g. FCPs that are closely associated
with the two photosystems), while longer phylogenetic branches
characterize derived and more modern FCPs.

% We propose that light harvesting as well as the two different
flavours of energy dissipation, the rather constitutive and the
regulated component, are mediated specifically by different FCPs.

% This should be the case at each of the different sites PS II, PS 1
and the accessory FCP fraction, though we experimentally can
only detect the situation at PS II due to its specific fluoescence
properties.

% Relative transcript levels are assumed to correlate with
expression on the protein level for the majority of genes incl.
FCPs.

Phylogeny and evolutionary trajectory for
Phaeodactylum FCP-like proteins

The majority of Phaeodactylum FCP-like proteins share a
conserved topology. Their precursors contain a group-specific
chloroplast targeting sequence [22] and three transmembrane
domains, two of which contain highly conserved motifs involved in
pigment coordination [8]. A phylogenetic neighbour joining tree of
these 40 different sequences (Figure 3) together with available
experimental evidence for their regulation (RT-gPCR) or association
to the two photosystems [15] provided the basis for our
hypothetical FCP classification indicated in Figure 3A and presented
in more detail in Table 3. Herein we attempt to make a basic
distinction between FCPs that may preferentially act as light
harvesting units (LHC, FCPB, FCP, FCPA) and FCPs that may rather
be involved in energy dissipation processes (ELIP1-2, CPQ, FCPAQ,
FCP1).
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New categories for FCPs were assigned with regard to diverse
lines of evidence that are presented in more detail in the following
sections: A dense and short-branching cluster of FCPs at the bottom
of the tree (Figure 3A) contains sequences that show the strongest
expression (LHC5, LHC8) among all FCPs and that are found in the
“free FCP fraction” upon biochemical fractionation [15]. We suggest
these constitute the main light harvesting FCPs (Light-Harvesting
Complex FCPs, LHC) in Phaeodactylum. A small group of FCPs that
are similar to and constitute a monophyletic cluster with LHCs
includes FCPB2, an FCP that - despite its strong expression - is
neither found in the free FCP fraction nor associated to PS I [15].
We suggest this group rather to be specifically associated with PS II
(photosystem II associated FCPs, FCPB) and to possibly interact
with LHCs. FCPs that are co-purified with PS I are found in two
clusters and are assumed to be specifically associated with PS I
(photosystem I associated FCPs, FCPA). A group of FCPs that
constitute a monophyletic cluster with FCPA, but are not co-purified
with PS I, show low expression and a sophisticated differential
stress response. We suggest these act as putative energy
guenchers at the site of PS I (Quencher-type photosystem I
associated FCPs, FCPAQ). Further we have a small cluster of FCPs
that share low expression and differential stress response with
FCPAQ, but are related to a green-lineage chlorophyll-binding
protein found to be associated with energy dissipation at the site of
PS II [13]. We suggest that these act as putative energy quenchers
at the site of PS II (Quencher-type Chlorophyll-binding Protein
CPQ). A small set of remaining irregularly branching FCPs is
unspecifically denoted as FCP1-6, but assumed to rather be
associated with PS II, as co-purification with PS I could not be
achieved [15].

A joint tree of P. tricornutum and Thalassiosira pseudonana [23]
(a distantly related, central diatom species) FCPs (Figure 3B)
reveals that most bifurcate ortholog pairs between both species are
found in the FCPA group, while other FCP categories show higher
evolutionary dynamics. The combined tree shows a better
separation of categories FCPA and FCPAQ as two parts of a
monophyletic cluster. LHC proteins are placed in species-specific
clusters indicating a major radiation of these proteins upon
divergence of central (T. p.) and pennate (P. t.) diatoms. A
comparison between this tree of red-type chlorophyll-binding
proteins with a joint tree of green-lineage chlorophyll-binding
proteins from Arabidopsis thaliana and Chlamydomonas reinhardtii
(Additional file 1 - Figure S5) reveals similar phylogenetic
macropatterns with proteins that are assigned to the two
photosystems being found in separate clusters. Like their red-type
relatives the LHC proteins are located in species-specific subclusters
indicating a major radiation of these proteins upon divergence of
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Chlamydomonas and Arabidopsis lineages. Most importantly, the
NPQ-related LHCSR proteins of Chlamydomonas (relatives of diatom
CPQ) are isolated on a long phylogenetic branch with short ends,
thereby suggesting a rather recent lateral acquisition for LHCSR
genes.

Of specific interest is a higher resolution of the Phaeodactylum
CPQ cluster (Figure 3C), because its members are assumed to be
involved in NPQ. The observed branching pattern suggests CPQ3 be
the most conserved CPQ protein and thus the most ancient. It is not
responsive to light, but appears to be differentially regulated with
CPQ4, the protein with next highest conservation and strongest
stress response with respect to low iron. We suggest that CPQ3 may
confer constitutive energy quenching to photosystem II (® p), while
CPQ4 may replace CPQ3 to some extent under low iron stress and
confer NPQ to photosystem II (®npq). CPQ2 is less conserved thus
evolutionary younger and its constitutively high expression level is
comparable to that of main LHC subunits. We suggest that CPQ2 co-
evolved with LHC and may confer constitutive energy quenching to
the main LHC complexes (contributing to ®f, p, if connected to PS
IT). The least conserved CPQ member is CPQ1. Its low expression
and moderate stress response indicates a possible role as accessory
energy quencher.

Further we provide here a higher resolution of the LHC cluster
that includes some of the main light harvesting subunits found in
Phaeodactylum chloroplast membranes (Figure 3D). Phaeodactylum
LHCS and LHCS8 show highest expression and highest conservation.
We suggest these constitute the main trimeric LHC complexes and
are complemented by LHC9 under low iron stress conditions.
Remaining LHC proteins are less conserved and may have a role as
accessory LHC. Of special interest is the high conservation of
FCPB1, FCPB3 and FCPB4 proteins adding evidence to the idea that
these be assigned to photosystem II, possibly as adapters for more
ancient light-harvesting FCP. Conversely, FCPB2 has experienced
evolutionary change and its expression is comparable to that of
main LHC proteins. We suggest this be a result of co-evolution with
the LHC group and FCPB2 be an adapter for these modern LHC
proteins.

100



Page 18 of 50

3.5 P. tricornutum FCP Paper

P. tricornutum
vs T. pseudonana

01
o
PI_FCP1 (@)
Pt_FCP2 v
L — PL_CPQ1
1m Pt_CPQ2 (9]
A
80, L
C ™ om
- PL_FCPA1 100 —— Tp_FCPbd2
Pt_FCPAZ >
PLFCPA3
PI_FCPA4
Pt_FCPAS
PL_FCPAB
Pt_FCPAT
PL_FCPA9
Pt_FCPAS
Pt_FCP4 FCP
Pt_FCPAQ1 —Th FCPmIs
PILFCPAQ2 = s 100 FLFCPAGZ prFeem m
a7 w,—!:r FePmaa (@]
PI_FCPAQ3 O PLFCPAGS 0
-] 86| 2 Pt_FCPAQ4
— PI_FCPAQ4 o % Tn FCPm45 >
> ™, Pt_FCPAQ!
Pt_FCPAQS ) 33 o roe e 3]
Pt_FCPAQS roy PLFCRAGT
T
PI_FCPAQT — PI_FCPS
| . 100 = Pt_FCP3
= Pt_FCP3 n o 6l 2 o o Fc’“ﬂf?cm n
40 PLFCPS (@] (@]
PL_FCP8 o v
9 o PU_FCPBA »
T PL_FCPB2 M
100 (o)
o8 Pt_FCPB3 o -n
a PLFCPB4
o w @]
Pt_FCPBS T
PL_LHCT @
0 100|Pt_LHC2a o L i
PIL_LHCT
Tt LHeze ~ 100,Pt_LHC2a
Rl lE Pt LHC2b
Pt_LHC3 ) o P Teah LHCA
t
n~| P1_LHC4 r 33 PULHGED
5 100]Pt_LHCSa T =, Tyl E
ls PLLHCSD O i o
Pos e
1 39
- Pt_LHCT
PLLHCS Tp_FCPm2
- D n 100, e FCFm?lc s
Pt_LHCS Tp_FCPm22
C) level of D) level of
conservation conservation
HIGH I—— | O\ HIGH —— | O\W
0.1
—
puFcPe1
Pt CPQ3 highest conservation, P_FCPE2
— conslitutive expression, To_FCPm10
putative most ancient CPQ -
Pt_FCPB3
out-"\ 1000 OPLFCPB4 clade Il (-q
group Pt_CPQ4 ©Tp_FCPm31 )
stronges! stress response, —I
putative substitution of CPQ3 % ”"_l Tp_FCPm30 w
at low iron D ©Tp_FCPm43
————————= Pt_CPQ2 —————®To_FCPm26
constilutivaly high expression level, e Tp_FCPm29 clade Il
putative main component of modern LHC Pt FCPBS
715
e #Pt_LHC2a
L . PtCPQT ot LHos
lowest conservation, ans
putative accessory quencher SF_LHCT
gy PLLHC1 __clade V
| PLLHC3 clade IV
e
.
= ‘“_rom_mcg —
845
o L.—om_mcv clade lll || —T
@ high conservation, © high conservation, *_LHC8 (@]
strong response to diverse stresses, putative ancient LHC adapters Tp_FCPmM39
putative main energy quencher (regulated component of NPQ)
'o0o E Tp_FCPm16
QO relatively high conservation, Q less conserved, To_FCPm28
constitutively high expression level putative moderm LHC adapters 2000~ ® TP_FCPm21 T.p. LHC
putative main energy quencher (constitutive component of NPQ) Tp_FCPm22
=11 2.
. relatively high conservation, oo [P To_FCPmS
high expression level,
Tp_FCPm17

putative main components of modern LHC

Figure 3 - Phylogeny of FCPs
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Figure 3 (continued)

Phylogenetic relationships within the FCP family are presented as FCP
neighbour joining trees for P. tricornutum (A) and P. tricornutum & T.
pseudonana (B). New FCP categories were assigned to phylogenetic
clusters from their expected association with PS II (FCPB, LHC, CPQ) or PS
I (FCPA, FCPAQ) as developed in the text. Subtrees of higher resolution
are provided for the P. tricornutum CPQ group (C) and the joint FCPB/LHC
group of P. tricornutum and T. pseudonana (D). Increasing branch lengths
indicate evolutionary progression and diversification (CPQ), while
uniformly short branches rather suggest an evolutionary freezing of a
functional invariant interaction (Pt_FCPB1/3/4).

A small and presumably ancient group of chlorophyll-binding
proteins differs significantly from the FCP family and is treated
separately as ELIPs (in analogy to green plants’ Early Light Induced
Proteins that differ from the CAB family). A schematic alignment of
the three ELIPs of Phaeodactylum (Figure 4A) suggests the FCP-like
three transmembrane domain (3-TM) protein ELIP3 be the product
of a gene fusion between the 2-TM protein ELIP1 and the 1-TM
protein ELIP1. ELIP1 and ELIP2 represent a co-regulated pair, while
the expression of ELIP3 is rather in the range of major FCP proteins.
All three ELIPs are highly conserved in the two distantly related
diatoms P. tricornutum and T. pseudonana as well as in the
cryptophyte Guillardia theta (Additional file 1 - Figure S6). Besides
ELIP3 another important chlorophyll-binding protein appears to
have evolved from an ELIP-like gene (Figure 4B). The green plant
PSBS protein shows strong sequence similarities to the ELIP1
protein and could be the result of an ELIP1 gene duplication.
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Figure 4 - Evolution of ELIPs and PSBS

The three homologous proteins presented as ELIP1-3 share
characteristic features of chlorophyll-binding proteins with FCPs and CABs
incl. the conserved transmembrane helices, but are sufficiently deviant on
the sequence level to justify a separation as an own group. Extensive
similarities on sequence and secondary structure level provide strong
evidence for P. tricornutum ELIP3 to have evolved from a fusion of ELIP1
and ELIP2 (A). Moreover, the major part of the famous PSBS protein
involved in NPQ of green plants is homologous to Phaeodactylum ELIP1
protein and could have evolved by duplication and fusion thereof (B).
Characteristic amino acid motifs conserved in the transmembrane helices
1 and 3 of most FCPs and CABs are indicated for the respective
orthologous helices of ELIPs with variable residues in blue for helix 1-type
domains and in red for helix 3-type domains. Accordingly, ELIP3 shows a
regular domain organization of helices as found in FCPs and CABs, while
PSBS is lacking a helix 3-type domain as is the case for ELIP1.
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The hypothetical categorization and the phylogenetic context of
the red-type chlorophyll-binding proteins found in Phaeodactylum is
summarized in an evolutionary trajectory for ELIPs, FCPs and CABs
of the red and green lineages (Figure 5). On top we place the three
ELIPs. We suggest ELIP1 be the most ancient component of all
chlorophyll-binding proteins. The 1-TM protein ELIP2 may have
evolved from the 2-TM protein ELIP1 by gene duplication,
diversification and loss of the second transmembrane region, while
ELIP3 is likely the product of a gene fusion of ELIP1 and ELIP2.
ELIP1 and ELIP2 have orthologs in the cyanobacterial group and
thus their evolutionary origin predates the primary endosymbiosis.
ELIP3 already shows the membrane topology and domain patterns
found in FCPs and CABs and it appears possible that evolution of
these two groups of red-type and green-type chlorophyll-binding
proteins is linked by a common ancestor (ProtoCP) that could have
evolved from the ELIP3 gene. CABs and FCPs are very uniform
protein families and likely originate from ancestral founder genes
upon divergence of the red and green lineages of phototrophic algae
(ProtoCAB and ProtoFCP, respectively). Subsequently the ProtoFCP
diversified into the different clades of FCPs present to date (FCPA,
FCPAQ, FCPB, CPQ and few other FCP clades). While we cannot
resolve the secondary endosymbiosis leading to the stramenopile
group (e.g. diatoms), there is evidence that this must have
occurred after emergence of the FCPA clade, because orthologs are
found in today’s red algal genomes. LHCs are directly derived from
the FCPB clade and experienced a major radiation upon divergence
of the major diatom clades Centrales (incl. Thalassiosira) and
Pennales (incl. Phaeodactylum). A special chlorophyll-binding
protein implied in energy dissipation processes at PS II in green
algae (LI818/LHCSR) is suggested to be acquired by means of
lateral gene transfer from diatoms (CPQ). Additional support for the
proposed evolutionary trajectory comes from the highly conserved
aminoacid motifs embedded in the conserved transmembrane
helices 1 and 3 of FCPs and CABs or the homologous helices found
in ELIPs (characteristic four-residue consensus motifs are indicated
on top of the FCP categories as “"motif_helixl x motif_helix3” with
variable residues marked in blue and red, respectively).
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Figure 5 - Evolutionary trajectory for P. tricornutum FCP-like
proteins
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Figure 5 (continued)

Phylogenetic relationships among FCPs as well as similarities on
sequence and secondary structure level between FCPs and ELIPs were
translated into a consistent evolutionary trajectory for all FCP-like proteins
present in Phaeodactylum. Here, the ELIP1 protein is considered to be the
most ancient member, with ELIP2 originating from a duplicate ELIP1 gene
by diversification and loss of the second helix.. Both are highly conserved
across phylogenetic classes and their origin may predate the primary
endosymbiosis event. ELIP3 is likely the product of a gene fusion between
ELIP1 and ELIP2 that brought together the two distinct types of conserved
chlorophyll-binding helices 1 and 3 present in all modern FCPs and CABs.
Thus, it may have been an ELIP3-like ancestral protein that - after
divergence of green- and red-type photosynthetic lineages — gave rise to
FCPs and CABs, who subsequently experienced a major radiation into
different clades.

While in the red branch the oldest FCPs may have served PS I as is the
case in red algae (FCPA), the continuous expansion of FCPs may have led
to groups specific for PS II (FCPB) and eventually to the extensive
accessory antenna system that presumably is responsible for much of the
light harvesting capacity of today’s diatoms (LHC). LHC have undergone
further radiation after divergence of central and pennate diatom lineages.
Hypothetical association of FCP clades with specific photosystems is
indicated by a dark (PS I) or light (PS II) green rim. Stress-responsive
clades or FCPs (yellow rim, Q") are suggested to be involved in energy
dissipation processes.

Besides the CABs that make up the antenna system in the green lineage
we find the PSBS protein that may have evolved from an ancestral ELIP1-
like protein and that is present in all plants and several green algae
(Chlamydomonas). In Chlamydomonas, but not in plants, we also observe
a CPQ-like protein that appears to have functionally replaced a PSBS
protein and that may have been acquired by horizontal gene transfer. A
heterogeneous group of shorter chlorophyll-binding proteins (also called
“ELIPs”) that may have functional relevance for the antenna and/or XC
system of green plants and green algae is not considered here.

Characteristic amino acid motifs conserved in the transmembrane
helices 1 and 3 of most FCPs and CABs are indicated above each clade and
support the presented scheme (variable residues in blue for helix 1-type
domains and in red for helix 3-type domains). Specific members are listed
below each FCP clade.

A mechanistic model of FCP interactions

FCPs are not autonomous components, but form a sophisticated
system of closely interacting proteins ensuring proper perception,
distribution and dissipation of light energy. The information derived
from the phylogenetic context and differential regulation was used
to speculate on specific interaction patterns between FCPs and the
two photosystems in their native microenvironment, i.e. the
chloroplast membrane (Figure 6).
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From the lack of photosystem I PsaG and PsaH subunits as well as
from the presence of a cyanobacterial-type PsalL subunit in diatom
genomes we would expect the native state of PS I to be trimeric
[24, 25]. However, experimental evidence from the diatom
Chaetoceros rather suggests a monomeric PS I surrounded by
approx. 8 FCP trimers [26]. In our model PS I is surrounded by an
inner antenna system composed of FCPA1-FCPA9 that are co-
purified with PS I, while the dimeric PS II may be closely associated
with some FCPs from the FCPB group that could act as inner
antennae and/or interface (adapter) for main and accessory LHC
trimers. We distinguish the co-regulated pair ELIP1/ELIP2 from the
remaining group of 3-TM FCPs who likely combine to form trimeric
complexes functioning in light harvesting (LHC) or energy
dissipation (quencher) at the site of PS II or PS I. By means of their
high expression level we suggest LHC5, LHC8 constitute the main
LHC complex responsible for the gross PS II energy supply. In this
scenario the optional presence of CPQ2 may transform trimers into
a “quenched” state with CPQ2 biochemically detectable as a 19 KDa
subunit in contrast to the 18 KDa LHC5 and LHC8 subunits
(Additional file 1 - Figure S7). FCPs with intermediate expression
levels may form accessory LHC complexes composed of ancient
(FCP subgroup) or rather modern (LHC subgroup) FCPs. Further, we
assume co-regulated (RT-gPCR) or co-clustering (phylogeny) FCPs
may be co-located in a shared trimer as indicated. Mature FCP
trimers may be recruited to the photosystems according to specific
needs for energy acquisition or dissipation. Induction of specific
FCPs upon unfavourable conditions like high light, low iron or
stationary phase may lead to specific substitution of FCPs (CPQ4
<> CPQ3) or increased integration of single FCPs (e.g. LHC9) into
trimers or induction of certain trimer species, respectively. The
complementary charged loops in FCPAS and FCPAQ1 suggest a
strong and specific interaction (putative PS I adapter site for
accessory FCP trimers). Notably, the expression levels for
ELIP1/ELIP2 and for FCPs assumed to be involved in energy
dissipation processes (CPQ, FCPAQ, FCP1) are in the range of the
zeaxanthin epoxidase ZEP3 expression, a major XC enzyme.

A major obstacle in the unambiguous biochemical identification of
FCPs is a lack of precise expectations for the molecular weight of
specific mature FCP proteins. Processing of an ER/chloroplast
targeting peptide at a conserved motif "ASAFAP” has been described
[22], but resulting molecular masses are still well above the 18 and
19 KDa frequently observed upon biochemical isolation of FCPs.
Here we propose a second cleavage site at the next N-terminal
bulky aromatic residue (phenylalanine F or tyrosin Y) for final
removal of the remaining chloroplast transit peptide upon
completion of chloroplast import (Additional file 1 - Figure S7).
Especially with respect to the FCPs that show highest expression
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Figure 6 (continued)

Correlations between FCPs and ELIPs with respect to their expression
level, differential regulation, phylogenetic clustering and their successful
co-purification with specific photosystems were translated into a scheme
of hypothetical FCP interactions that co-locates co-regulated FCPs to the
same (virtual) trimer. FCPs and ELIPs are recruited from a common pool
of chlorophyll-binding proteins to form trimers of a defined or rather
random composition (top). Mature FCP trimers may be recruited to the
photosystems according to the actual needs (center). Specific FCPs may
form inner antennae for PS I (FCPA) and PS II (FCPB), respectively
(bottom).

Phylogenetic FCP clades are assumed to either be specifically associated
with photosystem I (FCPA, FCPAQ, FCP1) or photosystem II (FCPB, CPQ)
or to form an external accessory antenna system (LHC, FCP2-6, ELIP3) -
a tripartite organization as found in green plants. The observation of two
FCP populations that show fundamentally different expression levels
suggests FCPs with high expression levels may function in light-harvesting
(FCPA, FCPB, LHC, FCP2-6, ELIP3), while FCPs with low expression levels
may rather be involved in other processes like energy dissipation (FCPAQ,
FCP1, CPQ, ELIP1-2). FCPB2, LHC5, LHC8 and CPQ2 show highest
expression levels and may form the main accessory LHC antenna, with
FCPB2 as a putative PS II adapter and CPQ2 as an optional quencher
component (see text).

Several FCPs are specifically responsive to certain stress conditions like
Low Light, Low Iron or Stationary Phase as indicated. The complementary
charged loops of FCPA9 and FCPAQ1 suggest a specific interaction of these
proteins. Relative expression of FCPs is indicated next to FCP symbols for
normal growth conditions and is provided as relative transcript levels on
an arbitrary log, scale. Details are discussed in the text.
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Table 3 - P. tricornutum superfamily of FCP-like proteins

SYNONYM CLADES CLADES CLADES
NAME CATEGORY ID (NCBI) [Nymark et al. [Dittami et al. [Neilson et al. [Hoffman et al.
2009] 2010] 2010] 2011]
2TM-LIL
ELIP1 ELIP XP_002181847 (SEP-like)
TTM-LIL
ELIP2 ELIP XP_002184741 (opoiike)
3TM-LIL
ELIP3 ELIP XP_002177121 (EtTpolie)
cPQ1 cPQ XP_002182760 LHCX4 L1818 / LHCX LHCSR / LI818 V b2
XP_002176987
cPQ2 cPQ — mod LHCX2 L1818 / LHCX LHCSR / LI818 V b2
cPQ3 cPQ XP_002179760 LHCX1 L1818 / LHCX LHCSR / LI818 V b2
CPQ4 cPQ XP_002178699 LHCX3 L1818 / LHCX LHCSR / LI818 V b2
FCPA1 cf:dP:I XP_002182329 LHCR14 LhcaR / LHCR LhcaR 11
FCPA
FCPA2 XP_002182162 LHCR13 LhcaR / LHCR LhcaR 111
clade 1
FCPA3 FCPA XP_002184127 LHCR11 LhcaR / LHCR LhcaR 11T a1
clade I1
FCPA4 FCPA XP_002176857 LHCR12 LhcaR / LHCR LhcaR 11 a1
clade I1
FCPAS FCPA XP_002177385 LHCR4 LhcaR / LHCR LhcaR 11 a1
clade 11
FCPA6 FCPA XP_002178624 LHCR1 LhcaR / LHCR LhcaR 111
clade II1 —
FCPA7 FCPA XP_002183608 LHCR2 LhcaR / LHCR LhcaR 11
clade II1
FCPA
FCPAS XP_002178019 LHCR3 LhcaR / LHCR LhcaR 11
clade II1
FCPA XP_002182909
Fcpag  FCPA o LHC6062 LhcaR / LHCR LhcaR 111
XP_002183911
FCPAQL  FCPAQ -0021839 LHC15820 LhcaR / LHCR LhcaR 111
XP_002176917
FCPAQ2  FCPAQ — mod LHCRS LHCZ LHCZ I
FCPAQ3  FCPAQ  XP 002184869 LHCR10 LHCZ LHCZ I
FCPAQ4  FCPAQ  XP 002177668 LHCR7 LHCZ LHCZ I
FCPAQS  FCPAQ  XP_002181976 LHCR6 LHCZ LHCZ I
FCPAQ6  FCPAQ  XP_002186024 LHCR9 LHCZ LHCZ I
XP_002182761
FCPAQ7  FCPAQ mod LHCR5 LHCZ LHCZ I
FCP1 FCP XP_002177056 FCPs / LHCF Chlorophyll a/c
clade 1 - pny
FCP
FCP2 P XP_002176735  LHC17531 FCPs / LHCF Chiorophyll a/c VI
FCP
Fcp3 PP Xxp_002183454 FCPs / LHCF Chiorophyll a/c
= XP_002181795
Fcpa FCP g LHC13877 FCPs / LHCF Chiorophyll a/c
FCP
Fcps  FCP o xp 002185437 LHc24119 FCPs / LHCF Chiorophyll a/c
FCP
Fcps  TOP L XP_002178860 LHCF16 FCPs / LHCF Chiorophyll a/c IV b

mod protein sequence used in this work was derived from a modified version of the respective gene model ...
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Table 3 - P. tricornutum superfamily of FCP-like proteins (cont.)

conserved conserved
NAME HI:ﬁ;?EI%gﬁL COMMENT core motif core motif
[helix 1] [helix 3]
basic FCP assembly coregulation of ELIP1 and ELIP2,
ELIP1 function (?) ortholog in plants (PsbS) WNGR X
basic FCP assembly coregulation of ELIP1 and ELIP2,
ELIP2 function (?) ortholog in plants X ANGR
ELIP3 low light LHC coregulatlo_n_ of ELII_>3, FCP2 and LHC7, WNGR INGR
specific low light response
CPQ1 acc CPQ X THGR QNGR
cpQ2  HHC q“estcbhlj'r‘]?t 19 Kba coregulation of CPQ2 and FCPB2 THGR QNGR
cPQ3 S“bSt't”;Se%fcﬁirH Main jitferential regulation of CPQ3 and CPQ4 THGR QNGR
differential regulation of CPQ3 and CPQ4,
CPQ4 PS II main quencher strong response to high light, low iron and THGR QNGR
stationary phase
FCPA1l PS I antenna copurified with PS I KHGR KNGR
FCPA2 PS I antenna copurified with PS I RHGR LNGR
FCPA3 PS I antenna copurified with PS I KHCR NNGR
FCPA4 PS I antenna copurified with PS I KHGR MNGR
FCPA5 PS I antenna copurified with PS I KHGR TNGR
FCPAG6 PS I antenna copurified with PS I KHGR KNGR
FCPA?7 PS I antenna copurified with PS I KHCR KNGR
FCPAS8 PS I antenna copurified with PS I KHGR VHCR
structural complementation between FCPA9
FCPA9 PS I adapter for FCPAQ1 and FCPAQ1 MHGR KHAR
structural complementation between FCPA9
FCPAQ1 ancient PS I quencher and FCPAQ1, RHGR FNGR
coregulation of FCP1 and FCPAQ1
FCPAQ2 PS I stat phase quencher strong response to stationary phase KHCR KNGR
FCPAQ3 PS I main quencher strong response _to high light, low iron and KHGR KNGR
stationary phase
FCPAQ4 PS I low iron quencher strong response to low iron KHAR KHGR
FCPAQ5 PS I acc quencher X KHAR KNGR
FCPAQ6 PS Igg‘zr/‘;ge; pair coregulation of FCPAQ6 and FCPAQ7 KHAR KNGR
FCPAQ7 PS Igg%');ge; pair coregulation of FCPAQ6 and FCPAQ7 KHGR KHGR
FCP1 ancient PS I quencher coregulation of FCP1 and FCPAQ1 KHGR ENGR
FCP2 ancient low light LHC coregulation of ELIP3, FCP2 and LHC7, KHGR NNGR
specific low light response
FCP3 ancient LHC phylogenetic clustering of FCP3 and FCP4 SNGR KNGR
FCP4 ancient LHC phylogenetic clustering of FCP3 and FCP4 KHGR KNGR
FCP5 ancient acc LHC coregulation of FCP5 and FCP6, KHGR QNGR
responsive to cumulative stress
FCP6 ancient acc LHC coregulation of FCPS and FCP6, KHSR NNGR

responsive to cumulative stress

.. and differs from the NCBI reference.
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Table 3 - P. tricornutum superfamily of FCP-like proteins (cont.)

SYNONYM CLADES CLADES CLADES
NAME CATEGORY ID (NCBI) [Nymark et al. [Dittami et al. [Neilson et al. [Hoffman et al.
2009] 2010] 2010] 2011]
FCPB1 cf:dPeBI XP_002184763 LHCF17 FCPs / LHCF Chlorophyll a/c
FCPB2 cl';‘;';BH XP_002183381 LHCF15 FCPs / LHCF Chlorophyll a/c VII b
FCPB3 cl';f";BH XP_002186206 LHCF14 FCPs / LHCF Chlorophyll a/c VII b
FCPB4 "GPP XP_002183291 LHCF13 FCPs / LHCF Chlorophyll a/c VII b
FCPB5 cl:::':n XP_002184765 LHCF12 FCPs / LHCF Chlorophyll a/c VII el
LHC1 cl:;::v XP_002182937 LHCF8 FCPs / LHCF Chlorophyll a/c VII 2.2
ez tHC §E:88§1§ﬁ§33 here FCPs / LHCF Chlorophyll a/c VII €2.2
thes  MMC o xp 002182219 LHCF10 FCPs / LHCF Chlorophyll a/c VII €2.2
LHC4 cla"c'l"ecw XP_002183709 LHCF9 FCPs / LHCF Chlorophyll a/c VII 2.2
LHCS cl';zg_ . iEﬁg%i;;ggg I[:EEZ FCPs / LHCF Chlorophyll a/c VII 2.2
tnee  IHC  xp 002177870 LHCF2 FCPs / LHCF Chlorophyll a/c VII €2.2
thez B xp 002177871 LHCF1 FCPs / LHCF Chlorophyll a/c VII €2.2
LHCS clalallcm XP_002184620 LHCF5 FCPs / LHCF Chlorophyll a/c VII 2.2
LHCO cla';l';cm XP_002184619 LHCF11 FCPs / LHCF Chlorophyll a/c VII 2.2

mod protein sequence used in this work was derived from a modified version of the respective gene model ...
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Table 3 - P. tricornutum superfamily of FCP-like proteins (cont.)

conserved conserved
NAME HAY:I;);'I'.IEIIISQL COMMENT core motif core motif
[helix 1] [helix 3]
FCPB1 ancient FCPB-like low iron LHC strong response to low iron KHGR SNGR
coregulation of CPQ2 and FCPB2,
FCPB2 PS II adapter for main LHC (?) not found in free FCP fraction [Lepetit et KNGR SNGR
al. 2010]

FCPB3 PS II adapter for acc LHC (?) phylogenetic clustering with FCPB2 KHGR QNGR

FCPB4 PS II adapter for acc LHC (?) phylogenetic clustering with FCPB2 KHGR QHGR

FCPBS5 Proto-LHC LHC-like core motif, KHGR NNGR

same expression level as CPQ3

LHC1 acc LHC X KHGR NQGR

LHC2 acc LHC X KHGR NQGR
. strong response to low iron

LHC3 low iron LHC (like LHCO) KHGR NQGR

LHC4 acc LHC X KHGR NQGR

. main antenna subunit,

LHC5 LHC basic 18 KDa component LHC scaffold (?) KHGR NQGR
. specific low light response

LHC6 acc low light LHC (like ELIP3, FCP2 and LHC7) KHGR NQGR

LHC7 low light LHC coregulatlo_n_ of ELII_=>3, FCP2 and LHC7, KHGR NQGR
specific low light response

LHC8 LHC light harvesting 18 KDa subunit main antenna subunit, KHGR NQGR

specific light response
LHC9 low iron LHC strong response to low iron KHGR NQGR

... and differs from the NCBI reference.
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Discussion

Impact of different stresses on the physiology of P.
tricornutum

The relative fitness of species or populations is best reflected by
their respective growth rate. This growth rate will be maximal, when
biotic and abiotic factors influencing growth and reproduction are
least unfavorable, i.e. optimal. In our experimental setup and for
the chosen strain P. tricornutum CCAP1055/1 this is the case for the
combination of an intermediate light regime and a sufficiently high,
non-limiting nutrient and iron supply. While low light conditions
have a limiting effect on photoautotrophic growth through the
relative shortage of light energy input, all other treatments (high
light, low iron, stationary phase) lead to an oversupply with light
energy and cause an increased need for excess energy dissipation.
Of these fundamentally different stress conditions the variation of
ambient light levels appears to have the lowest impact on cellular
growth. Increasing ambient light, though leading to adjustment of
pigmentation in terms to optimize light utilization, do not impose
major problems on the system, as seen from the uniformly high
growth rates at non-limiting light conditions (at high iron,
exponential phase). Conversely, shortage of iron heavily impacts
Phaeodactylum growth, visible from the very low growth rates and
the chlorotic phenotype. Accordingly, low iron may exert its limiting
effect not only via direct physical limitation of the iron-rich
photosynthetic machinery but also via the chlorotic pigment loss.
This may secondarily induce light limitation in exponentially growing
cells, ultimately resulting in low growth rates (low iron, exponential
phase). In the context of the photosynthetic energy metabolism
stationary phase can also be regarded a stress-like condition,
because cellular pigmentation is retained and passively causes a
constitutively high energy input to the photosynthetic system. This
energy is not converted into growth, but needs to be dissipated. The
cellular “energy dissipation mode” observed at stationary phase is
reflected by maximal values for the de-epoxidation state of XC
pigments.

In each case of enhanced “excitation pressure” on the system
(high light, low iron, stationary phase) the dissipation of excess
energy is assumed to occur at the level of the proteins that capture
this energy, i.e. the complex FCP light antenna system serving the
photosystems I and II and closely interacting with xanthophyll cycle
components. Here we postulate that different FCPs may be involved
in the fundamentally different processes of light harvesting and the
two different flavours of energy dissipation, the rather constitutive
and the regulated component.
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Differential gene expression in response to light,
low iron and stationary phase

Acclimation to different light levels can be achieved by balancing
the expression of FCPs that are rather involved in light harvesting
and FCPs that are rather involved in XC-related energy dissipation
processes. We suggest FCPs that share a high expression level and
are up-regulated upon low light, but down-regulated at high light,
be part of the former group (ELIP3, FCPA, FCP2-6, FCPB, LHC), and
FCPs, that share a low expression level and are down-regulated
upon low light, but up-regulated at high light, be part of the latter
group (ELIP1-2, FCPAQ, FCP1, CPQ). A strong and specific response
to varying light combined with a high expression level is observed
for LHC8 that we therefore regard as the main light harvesting
subunit. Down-regulation upon low light acclimation is found e.g. for
genes implied in iron-uptake mechanisms (ISIP1, FCR, FRE2)
suggesting a decreased iron uptake-machinery be sufficient for iron
uptake at a lower growth rate. Accordingly, genes involved in
metabolic processes, whose activity is growth rate dependent, may
show such a low light-dependent response.

Iron limitation has a more severe impact on the whole system,
inducing a chlorotic cellular phenotype with lower biomass and
lower overall transcript levels. This is best visible from the
differential regulation (2.1) of the constitutively expressed RPB1
with respect to 18S. As a result we observe a virtual up-regulation
for genes, whose cellular transcript levels relative to RPB1 haven't
changed (e.g. FRE1). True up-regulation (per cell) is only observed,
when gene regulation overtops the relative regulation of RPB1, as is
the case for iron-regulated genes like ISIP1, ISIP3, FCR and FRE2.
One of the two tested heatshock transcription factors HSF2 appears
to be regulated by light and iron, while two small heatshock
proteins HSP20, who are implied in protein repair/refolding, are
specifically induced by iron. This heatshock response indicates an
increase in non-functional/damaged cellular proteins upon low iron
and the onset of repair mechanisms. Relative to RPB1 the whole
photosynthetic machinery including the FCP antenna system is
retrenched as expected from chlorotic cells. The differential
regulation of ferredoxin PetF and flavodoxin FIdA indicates the
known substitution of the abundant iron-rich electron carrier
ferredoxin by flavodoxin [28] with the effect of lowering the cellular
iron quota. The FCP light antenna system shows more complex
regulation patterns. Most prominent is the selective up-regulation of
FCPs belonging to the CPQ and FCPAQ subgroups suggested to be
implied in XC-related energy dissipation processes. The
LI818/LHCSR ortholog CPQ4 is implied to be involved in NPQ at the
site of photosystem II. The differential regulation of CPQ3 and CPQ4
suggests a possible mutual substitution. A specific induction by low
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iron is also found for LHC3 and LHC9, suggesting major
rearrangements occur in the main light harvesting complexes, too.

The gene expression at stationary phase is characterized by a
large-scale decrease of transcript levels, a possible starvation effect
observed upon long-term incubation of a chlorotic culture under
high light and low iron conditions. Of interest is the specific
induction of CPQ4 and four members of the FCPAQ subgroup,
adding evidence to a proposed role in energy dissipation processes.
Most importantly, we note that in the CPQ subgroup we do not
observe a significant light-dependent regulation, while the response
to low iron and stationary phase is mediated by the same gene
(CPQ4). Conversely, the FCPAQ subgroup appears to originate from
a radiation with subsequent specialization of its members to the
different stresses high light, low iron and stationary phase. What
the qualitative differences between these “stresses” are with respect
to the underlying molecular processes of perception, transfer and
dissipation of light energy, what the functional connection to the XC
may be, and what the nature of the evolutionary selection pressure
for the observed differentiation between FCPAQ genes may be,
remain highly cryptic questions.

Evolution of FCPs

In expanding protein families novel functions emerge in a gradual
process as a result of gene duplication and diversification. This
implies that in phylogenetic clustering patterns we should find genes
of a related function contained in the same cluster and vice versa.
We use this simple rational objective for the presented
categorization of FCPs and ELIPs. The high conservation of the
ELIP1 and ELIP2 protein across phylogenetic classes and their tight
co-regulation argue for a very basic function in photosynthesis
predating the primary endosymbiosis event. The related ELIP3
protein, that is regarded to have originated from a gene fusion
between ELIP1 and ELIP2, appears to be co-regulated with other
major FCPs and shares the membrane topology and a relatively high
expression level with them. We therefore consider the origin of the
FCP family (and the CAB family as well) may be found at an ELIP3-
like ancestor. FCPA-like FCPs are found in red algae and, therefore,
their evolutionary emergence may predate the secondary
endosymbiosis event leading to organisms with secondary plastids
incl. diatoms. Additional support for this scenario comes from the
co-purification of FCPA proteins with Phaeodactylum PS 1. This
indicates that these proteins are associated with PS I in diatoms as
is the case for the homologs in red algae. Soon after the secondary
endosymbiosis event an ancestral FCPAQ protein may have evolved
from FCPA and subsequently have undergone radiation and
diversification for the hypothetical purpose of regulating energy
dissipation at the site of PS I. While the prospective light antennae

116



Page 34 of 50 3.5 P. tricornutum FCP Paper

FCPA show strong expression, the rather enzymatic task of XC-
related energy dissipation would require lower transcript/protein
levels as found for FCPAQ. FCPB and LHC form a common cluster,
and among the LHC proteins are the most abundant FCPs found in
biochemical preparations. Therefore we suggest these constitute the
main light harvesting trimers serving PS II. The phylogeny shows
that the LHC proteins are derived from an FCPB-like ancestor and
thus we postulate a role for FCPB proteins in mediating the
interaction between LHC trimers and PS II, possibly as adapter-like
components. For an unknown reason the LHC group underwent a
major radiation upon evolutionary divergence of the radiate and
pennate diatoms with an analogous event observed for the green
lineage LHC proteins (CABs). Specific FCPB and LHC proteins have
retained a relatively high degree of conservation and at the same
time show high expression levels. We suggest that these now
constitute the main light harvesting machinery at the site of PS II,
possibly as inner (FCPB1, FCPB3, FCPB4) and trimeric accessory
antennae (FCPB2, LHC5, LHC6, LHC8, LHC9). Notably phylogenetic
branches inbetween these two groups share the same length
suggesting an evolutionary freezing of FCP sequences upon
establishment of a relevant antenna interaction. Green lineage
orthologs of the CPQ proteins (green algal LI818 and LHCSR) have
been found to be associated with the ability for NPQ at the site of
PS II [13]. Consequentially, we suggest CPQ be involved in energy
dissipation processes at PS II as well, while the extreme
conservation of sequence implies an ancient and conserved
functionality and, accordingly, a close association with the
photosystem. However, the exceptional high expression of CPQ2
indicates that it may rather have co-evolved with LHC proteins for
regulating energy dissipation processes in the abundant accessory
antennae. The remaining FCPs, FCP1-6, are of uncertain
evolutionary origin, but their expression and regulation suggests
FCP1 be involved in energy dissipation processes (co-regulated with
FCPAQ1) and FCP2-6 be ancient light antennae at PS II
(phylogenetic position more close to FCPB). Though widely
hypothetical, this evolutionary trajectory draws a consistent picture
of the complete system with all mandatory functions of a light
antenna system (light harvesting, energy dissipation) needed at any
specific location (PS I, PS II, free FCP trimers) assigned to specific
groups of FCPs. Notably, this scheme is supported by protein
phylogeny, conserved motifs of helices 1 and 3, transcript
expression levels, differential regulation, and by most available
biochemical and molecular data.

The non-uniform phylogenetic situation observed for FCPs in the
diatoms Phaeodactylum and Thalassiosira shows that species,
though members of the same phylogenetic group, continuously
proceed to change and adjust their antenna systems to their actual
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needs, what implicitly must lead to vast differences in light
harvesting and energy dissipation strategies between species. Here,
it is of special interest that FCPs assigned to PS I (FCPA) are
evolutionary relatively constant and invariable with many conserved
ortholog pairs between P. tricornutum and T. pseudonana being
observed. Conversely, evolution of the prospective PS II antenna
system (light harvesting proteins FCP, FCPB, LHC; energy
quenching proteins CPQ) appears to have occurred in an apparently
convergent, but more dynamic fashion. Further this may indicate
that differentiation of the PS I antennae was completed before
divergence of central and pennate diatoms, while PS II may just
have acquired a primitive progenitor system of PS II antennae that
subsequently underwent expansion and optimization independently
in both diatom lineages. Mutual horizontal gene transfers could have
ensured evolutionary convergence of the PS II antenna evolution.

Quench it I — Growing evidence for an evolutionary
diversification of photosynthetic energy quenchers

The ability for excess energy dissipation is a fundamental property
of all organisms capable of oxygenic photosynthesis. At the site of
PS II, but not at PS I or in the accessory antenna fraction, we are
able to detect the regulation of energy dissipation due to the
intrinsic variable chlorophyll fluorescence of PS II. The regulated
part of this PS II energy dissipation (NPQ, qE, ®npq) was found to be
an energy (ApH) dependent process in plants and algae and has
been correlated with the mutual conversion of XC pigments [29]
and with the presence of stress responsive proteins of CPQ-type
(LI818, LHCSR) or ELIP-type (PSBS). This correlation suggests NPQ
might be mediated in charged thylakoid membranes by certain
chlorophyll-binding proteins through their interaction with XC
pigments. While the induction of NPQ implicitly has been assigned
to the strong differential regulation of CPQ-like or ELIP-like
“quencher” proteins, the constitutive component of PS II energy
dissipation (®f, p) has not been linked to protein action. We here
hypothesize that part of this constitutive component may also be
mediated by FCP-like proteins (CPQ, ELIP), but remains invisible
due to a lack of differential regulation of the respective proteins.
Further, we cannot detect energy dissipation processes associated
with PS I or the free FCP fraction, as these do not yield a variable
fluorescence signal (with the potential exception of some PS 1
contribution to Fo fluorescence). Nevertheless it appears straight-
forward to postulate energy dissipation action at these sites and an
involvement of chlorophyll-binding proteins in these processes.
From their expression level, differential stress response and
phylogenetic background it is tempting to speculate that FCPAQ
proteins may be involved at PS I-related energy dissipation, while
specific CPQ proteins (CPQ2) may have evolved to act on the free
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fraction of accessory PS II antennae that appear to have evolved
more recently from FCPB-like proteins (see above). In the
analogous green light-harvesting system the ability for self-
quenching has been suggested for free LHCII of Chlamydomonas
during state transitions [30].

The combined phylogenetic tree featuring P. tricornutum and T.
pseudonana FCPs translates into a consistent evolutionary trajectory
for diatom FCPs and ELIPs. Stress-responsive FCPs (of
Phaeodactylum) are grouped into discrete clusters as a result of
evolutionary diversification of FCPAQ (PS I) and CPQ (PS II).
Conversely, proteins that are found to act in energy dissipation
processes in Chlamydomonas (LHCSR) and Arabidopsis (PSBS) are
not part of monophyletic protein family, but rather are descendents
of a CPQ-like (LHCSR) or ELIP1-like (PSBS) precursor. Experimental
evidence suggests these proteins confer the very same functionality
of NPQ to PS II. With respect to the evolutionary process it appears
that PSBS is an ancient feature that more recently was functionally
replaced by a CPQ-like protein (LHCSR) in Chlamydomonas. While
the multicellular plant Arabidopsis has an intrinsically reduced ability
for lateral acquisition of new genes, the unicellular Chlamydomonas
may have benefited from assimilation of external genetic material
(LHCSR) in terms to further optimize the highly specialized and
reduced photosynthetic machinery characteristic for the green
photosynthetic lineage.

The observation that very different groups of chlorophyll-binding
proteins are capable of conferring NPQ to PS II (CPQ-like
LHCSR/LI818, ELIP1-like PSBS) raises the question for functional
differences and possible interference at the site of PS II, as both
types of proteins occur in diatoms (CPQ, ELIP1) and
Chlamydomonas (LHCSR, PSBS) simultaneously. In both cases
(diatoms and Chlamydomonas) NPQ has experimentally been
assigned to the CPQ-like component (CPQ, LHCSR) rather than to
the ELIP-like component (ELIP1, PSBS). Due to the lack of any CPQ-
like genes green plants use PSBS instead (discussed in [31]).

This protein-based view of NPQ does not conflict with models that
focus on the interconversion of XC pigments as the crucial event in
dissipative processes, like the quencher-antiquencher concept of XC
carotenoids [32]. Accordingly, interconversion would trigger loss of
absorbance properties and dissociation of XC pigments resulting in a
functional switch from energy perception to dissipation and/or
associated conformational changes in the affected FCPs. In such a
scenario, the primary FCPs interacting with XC carotenoids would be
the stress-responsive minor FCPs (CPQ, FCPAQ, FCP1) as energetic
sinks “on demand”. Conformational changes in these FCPs may
subsequently be passed over to the larger antenna complexes
consisting of major FCPs, thereby leading to higher order structural
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rearrangements. In the analogous green antenna system a pH-
inducible monomerization was found for dimeric Maize PSBS [33].

FCP dynamics - a mechanistic model of FCP
interactions

The hypothetical functional assignments and assumptions for FCP
interactions heavily depend on the validity of the underlying rational
objectives. These may not apply in all cases, as we e.g. do not
know, if expression on the protein level indeed does correspond to
the transcript levels determined by RT-qPCR, though a strong
transcriptional component of regulation was described for CABs
[34]. Further, the suggested trimer formation might not apply for all
FCPs. How FCP apoproteins obtain their pigments [35] and how
single FCPs are assembled into trimers is unknown to date. In
Figure 6 we present a scenario, where co-regulated FCPs may
specifically be combined in one trimer, though the alternative of a
random assembly of FCPs might apply just as well for main LHC
trimers and other accessory antennae. In the former case the
functional units would consist of well defined trimers of constant
composition. In the latter case, FCPs would exert their functional
effect through modification of their relative abundance in trimers.
The same applies for the prospective “quencher” groups CPQ and
FCPAQ. For this reason the overview in Figure 6 shall rather be
regarded as a visualization of correlations between FCPs with
respect to their expression levels, differential regulation,
phylogenetic clustering and successful co-purification with specific
photosystems [15].

From the group of FCPs with high expression levels we propose
candidates for the inner antennae of PS I (FCPA) and PS II (FCPB).
As possible accessory PS II antennae we distinguish main LHC
trimers serving PS II (subunits LHC5, LHC8) from accessory PS II
antennae of rather ancient (ELIP3, FCP2-5) or rather modern
(FCPB5, LHC) evolutionary origin. While from co-purification
experiments [15] we expect a defined architecture for the inner
antennae of PS I (FCPA) and PS II (FCPB), this may not apply for
accessory antennae. These might be recruited to the photosystems
according to the actual needs of the system, though experimental
evidence for a targeted energy supply directed to a specific
photosystem (II or I) seams to be lacking [6].

Some diatom FCPs assignable to the accessory antenna fraction
tend to assemble into higher oligomeric states [36]. Accordingly,
the “heavy” multimeric and fucoxanthin-rich FCP conjugates that
account for 75 % of all FCPs in biochemical preparations of
Phaeodactylum [37] may be formed by the main LHC antennae as
an external accessory complex in analogy to green LHC, whose
mobility enables state transitions in plants and green algae. The
candidate subunits for main diatom LHC (LHC5, LHC8) as proposed
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from gPCR data have already been identified as major LHC subunits
(syn. FCPC/D/E) by subjecting 18 and 19 KDa FCP fractions to mass
spectrometry [27]. LHC5 (syn. FCPE) may serve as a basic trimer
scaffold for other LHC subunits as well, e.g. for LHC7 (FCPA) [38].

FCPs and ELIPs with low expression levels are often stress-
responsive and are assigned to the broad functional context of XC-
related energy dissipation processes. NPQ was hypothesized to
occur at distinct sites. For Arabidopsis the presence of two distinct
PSBS- and XC-dependent quenching sites (inner PS II antennae,
detached LHC trimers) was described [39] and multiple quenching
sites have also been proposed for Phaeodactylum [6, 40]. As the
two distinct quenching sites in Phaeodactylum that have
experimental support we propose PS II and external FCP aggregates
(accessory antenna fraction incl. higher LHC oligomers) that both
may rely on specific CPQ-like proteins for NPQ. FCPAQ-like proteins
and FCP1 may confer similar functionality to PS I, though
experimental support for this is lacking so far.

Future outlook

Prerequisite for a concise functional characterization of specific
FCPs and their involvement in ecologically relevant molecular
processes like the perception and dissipation of light energy by
diatoms is a comprehensive conceptional framework for the
complete FCP antenna system as a working model to build on. The
evolutionary trajectory for FCPs and the hypothetical model of FCP
interactions presented in this work are meant to provide no less and
no more than such a working model that is lacking to date.
Assessing the dynamic interaction between ELIPs, FCPs,
photosystems and XC pigments on a biophysical and biochemical
basis remains the major challenge for future work. Given the wealth
of information that is already available on the XC and FCP system of
specific diatoms, the analysis of specific FCP knock-out strains
represents a promising approach for extending research on diatom
photosynthesis [41]. Although the specific FCP players involved in
light harvesting and energy dissipation might vary between diatom
species, and although differences in NPQ kinetics have been
reported between diatoms [42], there is hope and evidence that
underlying principles of photosynthetic light perception are more
universal, allowing the transfer of most experimental findings to
related evolutionary groups.

Conclusions

The Phaeodactylum tricornutum superfamily of FCP-like proteins
ensures highly efficient photosynthesis through balancing light
harvesting vs excess energy dissipation and through proper
distribution of energy between the two photosystems.

121



3.5 P. tricornutum FCP Paper Page 39 of 50

The differential gene expression in response to light, low-iron and
stationary phase conditions reveals distinct functional groups of
FCPs that appear to be consistent with the observed phylogenetic
clustering patterns. Here we distinguish seven major groups of
Phaeodactylum FCP-like proteins: 3 ELIPs, 6 ancient FCPs, 4 PS II-
type quenchers (CPQ), 5 PS II-type antennae (FCPB), 9 accessory
antennae (LHC), 9 PS I-type antennae (FCPA) and 7 PS I-type
quenchers (FCPAQ). A consistent evolutionary trajectory is
presented for these groups. Our mechanistic model of FCP
interactions proposes defined roles for most FCPs in terms of a basic
distinction between FCPs acting as light harvesting proteins (high
expression levels) and FCPs that may rather be involved in XC-
related energy dissipation processes (low expression levels).

For the PSBS protein, shown to be required for NPQ in plants, we
provide strong evidence to be directly derived from a duplication of
an ELIP1 protein, the presumably most ancient of all chlorophyll-
binding proteins (ELIPs, FCPs and CABs). This implies an
independent evolution of PS II energy quenchers in the green and
red evolutionary lineages on distinct, divergent routes. The green
lineage evolved the PSBS protein directly from an ELIP1-like
protein. Conversely, algae from the red lineage (e.g. diatoms)
primarily rely on CPQ-like proteins that more recently may have
been transferred horizontally to green algae to functionally replace
a PSBS-like element. Diatoms evolved an additional group FCPAQ of
unknown affiliation, though phylogenetic patterns suggest they be
related to PS I antenna proteins (FCPA) and thus might serve for
dissipating excess energy at the site of PS I.

Methods

Culturing, microscopy and PhytoPAM

Phaeodactylum tricornutum Bohlin CCAP1055/1 [3, 5] was grown
as axenic clonal culture in 1 | batch cultures using iron-free f/2
nutrients [43] in ASW (artificial seawater medium [44]) supplied
with 10 uM FeCls (high iron) or 5 nM FeCls (low iron) at 50 pE (low
light LL), 150 uE (normal light NL) or 450 pE (high light HL), at
20°C and a 16/8 h light/dark cycle. For RNA extraction cells were
harvested at maximal growth rate (late exponential growth phase)
or after 1 week at stationary phase (late stationary growth phase)
by centrifugation in 35 ml tubes at 4°C for 5 min at 11000 rpm,
resuspension into a small volume of media, and a second
centrifugation step in 1.5 ml cryo-tubes at 4°C for 1 min at 13000
rpm. Cell pellets were frozen in liquid N> and stored at -80°C.

For iron-limited cultures iron-free techniques were applied as
follows. Culture bottles were composed of plastic material, washed
and incubated for some days with 1 N HCl and rinsed with ultrapure
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MilliQ water. All additional supply for iron-free work was washed
with 1 N HCI and stored in closure bags until use.

P. tricornutum was imaged in vivo in an Utermdhl chamber using
an Axiovert 100 inverse microscope (Zeiss) with a Neofluar
100/1.30 oil immersion objective (Zeiss). Images were captured
with a Canon PowerShot S50 digital camera.

The variable chlorophyll fluorescence F,/Fn of P. tricornutum cells
from fresh cultures was measured with a PhytoPAM (PHYTO-PAM
Phytoplankton Analyzer, Heinz Walz GMBH, Effeltrich, Germany)
[45] upon 5 minutes of dark incubation. Light curves were
conducted in steps of increasing actinic background illumination
with actinic light increasing from 1 to 907 pE as follows: At each
step chlorophyll fluorescence was measured along intervals of 5 min
actinic background light followed by a 4000 pE red (655 nm)
saturation pulse (= Fy’, Fm") and 2 min dark (= F,"). Actinic light
was white (470, 520, 645 and 665 nm) for intensities between 1
and 44 pE and red (655 nm) for intensities between 54 and 907 uE.
To avoid negative values for resulting quenching parameters, values
for F, and F, were taken from the absolute minimum and maximum
fluorescence observed during the entire light curve, instead of those
observed upon dark acclimation. F,” was calculated as outlined in
[46] and matched the values observed during the dark intervals. As
the change of light quality at the transition from 44 to 54 pE actinic
background light introduced a discontinuity in chlorophyll
fluorescence values, we only use data obtained with red actinic light
for assessing the photosynthetic efficiency of Phaeodactylum. The
relative Electron Transport Rate shown in Figure 1 was calculated as
rETR = (Fq'/Fm") * (actinic light intensity [ME]). The cellular light
utililization (fractionation of absorbed light into ®ps 11, ®f, b, Pneg)
presented in Additional file 1 (Figure S2) was calculated as outlined
in [20]. Quantum efficiencies of PS II as measured along the light
curve were integrated for each sample between 54 and 802 uE after
the trapezoidal rule to obtain a representative value for the gross
photosynthetic efficiency of P. tricornutum. The dependence of PS II
quantum efficiencies on the different types of stress was visualized
through Box-Whisker-Plots (Additional file 1 - Figure S3). Box-
Whisker-Plots and the interaction plot in Additional file 1 (Figure S4)
were constructed using R [47].

HPLC

Dependent on the individual chlorophyll content 10-50 ml of
culture were filtered on a 25 mm GF/F glass fibre filter (Whatman).
Filters were stored at -80 °C. Pigments were extracted in 5 ml 90%
acetone during a 5 min disruption step with glass beads in a cell
mill. Debris and beads were separated from the homogenate by 10
min centrifugation at 0 °C and 5500 rpm. 2 ml of supernatant were
passed through a syringe with 0.2 pym PTFE prefilter and 100 pl of a
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canthaxanthin standard were added to each sample. 110 pl of
sample were transferred into an HPLC vial and subjected to reverse
phase HPLC modified after Barlow et al. [48]. Measurements were
conducted by a Waters 600 Controller in combination with a Waters
996 PDA Detector and a Waters 717 Plus Autosampler.

RNA extraction and RT-qPCR

Sets of primers were designed with Primer Express Software to
detect gene specific amplicons of approx. 100 bp for all tested
genes (Additional file 2 - Table S1). Specifically, primers for FCP
genes were designed in the most variable transcript region
corresponding to the central protein region between the first and
third transmembrane domain. Moreover, primers were not designed
to cross exon-intron borders, so that primer-specific amplification
efficiency could be assessed in a comparative qPCR approach on
genomic DNA by testing three different primer pairs on the same
amount of sheered gDNA template. The primer pair showing the
lowest Ct value, indicating the highest amplification efficiency, was
selected as optimized gene-specific probe for RT-gPCR. List of
primers and transcripts, results from a specificity BLASTN search of
primers against P. tricornutum genome and Cy values from the
comparative qPCR test are provided as additional files (Additional
files 3-6 - Files S01, S02, S03 and Table S2).

Total RNA was extracted from frozen pellets of P. tricornutum
cells using the QIAGEN RNeasy kit. RNA quality was assessed from
NanoDrop UV absorption profiles. cDNA template was prepared from
1ug RNA by reverse transcription using the QuantiTect Rev.
Transcription Kit (QIAGEN) after digestion of residual DNA using the
included gDNA wipeout reagents. The purified RNA was tested for
possible residual DNA by qPCR using primers specific for the 18S-
rRNA gene. For gPCR the cDNA template was diluted down to 0.5 ng
ul™t with 1x TE buffer and 5 pl equaling 2.5 ng cDNA were used as
template per 25 ul gPCR reaction. gPCR was done on an ABI Prism
7000 (Applied Biosystems) gPCR cycler. Cycling conditions were 2
min at 50°C (once), 2 min at 95°C (once), and 40 cycles of 95°C for
0:15 min, followed by 0:30 min at 60°C. The gPCR mixtures
contained 12.5 pl SYBR gPCR SUPERMIX W/ROX (Invitrogen), 0.5 pl
of 10 uM forward and reverse primer each, 6.5 pl H,O and 5 pl of
dilute cDNA template. Ct values were calculated from SDS raw data
using auto-baseline setting and a manual fluorescence threshold of
0.2.

Due to strong machine-specific systematic biases towards higher
Ct values, observed at the edges of qPCR plates and indicative of
lower amplification efficiencies in these wells, upper and lower plate
edges (rows A and H) were excluded from gPCR and each reaction
was run as four replicates in a blockwise 2x2 well arrangement.
Remaining biased outliers were efficiently removed by using only
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the lowest C; values from the four technical replicates for
calculating a representative mean Cy for the respective reaction.
Data resulting from this analysis (MAN) is compared in Additional
file 7 (Table S3) to alternative analysis strategies of taking the
minimal (MIN) or mean (MEAN) Cr value of all technical replicates
and reveals minor differences between MAN and MIN, but strong
biases in the MEAN data set due to the positional biases mentioned
above, e.g. for the rightmost sample (HL, low iron, stat. phase).

Relative expression of genes with respect to the 185-rRNA gene
was determined using the ACy method (ACGy[geneX] = Cy[geneX] -
C1[18S]). Two biological replicates were combined as mean ACt =
s.d. (or s.e.m. respectively). Resolution of gPCR data on the level of
biological replication was substantially improved by applying a
normalization step that follows the rational objective that overall
transcriptional regulation of the entirety of an organism’s genes
should show minimal variation in two biological replicates, when
grown under identical conditions. Therefore, we adjusted the Ct
value for 18S in one of the two biological replicates, so that the sum
of ACt errors (s.d.) over all tested genes was minimal between the
two biological replicates. By this we account for the variability of the
18S transcription and avoid that this variability carries over to all
target genes. Resulting errors between biological replicates are very
low for most genes confirming a strict transcriptional regulation on
system level. Final ACt data is presented as ACt[inverted] = 21 -
ACr to reveal relative expression levels on an arbitrary positive log;
scale, where high values indicate high cellular transcript levels
(Figure 2). Differential regulation of transcription between two
samples is given as AACy = ACy[sample] - ACy[control].

A comparison between FCP expression levels as determined by
gPCR and relative EST abundances in existing Phaeodactylum EST
libraries (integrated in JGI P. tricornutum genome browser at
http://genome.jgi-psf.org/Phatr2/Phatr2.home.html) reveals that
the sensitivity of gPCR resolves even the low expression levels of
minor FCPs (e.g. FCPAQ) or enzymes like PEPCK, while even the
largest EST library (“standard”) is merely able to resolve the high
expression levels of major FCPs (Additional file 8 - Table S4).
Implicitly all other EST libraries sequenced for the purpose of
characterizing differential transcriptional responses to various
stresses and treatments rather represent statistical noise, as they
cannot even resolve the high expression levels of major FCPs.

Sequence retrieval, BLAST searches and
phylogenetic analysis

Protein and transcript sequences were retrieved from JGI genome
browser interfaces for P. tricornutum [49] and T. pseudonana [50]

or from NCBI nr protein database. In case of gene model
inaccuracies improved versions were derived manually from
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alternative gene predictions as indicated (“*modified”). Official NCBI
identifiers for all protein sequences are provided in Additional file 9
(File S04) except for those subjected to manual correction
(“modified”), where the identifier for the closest relative protein
model in NCBI public database is provided instead.

For manual improvement of gene models and manual annotation
we made use of the GENSCAN webserver [51], InterproScan [52]
and diverse bioinformatics tools like TMHMM (transmembrane
regions), SIGNALP (signal peptides or anchors) and TARGETP
(targeting to cellular compartments) [53]. Secondary structure [I-
helices of ELIP2 and ELIP3 (Figure 4) were identified by PSIPRED
[54]. All BLAST [55] searches were done using the local BLAST
package from NCBI. BioEdit [56] was used for manual sequence
manipulation and visual inspection of sequences and sequence
alignments.

For construction of phylogenetic trees protein sequences were
aligned with CLUSTAL W v1.83 [57]. Resulting alignments were
trimmed for hypervariable regions (processed signal peptide,
variable loops) and converted to Phylip 4 format. Neighbour joining
trees were constructed with TREECON v1.3b [58] using midpoint
rooting, so that major clusters of sequences assigned to
photosystem I ("A”) or photosystem II ("B”) were separated best
possible and most branches showed similar length, thereby
reflecting an even evolutionary progression for most proteins
(Additional files 10-13 - Files S05-S08). For high-resolution
subtrees presented in Figures 3 C and D alignments of CPQ or
FCPB/LHC were further trimmed to retain solely residues of
homologous origin (Additional files 14-15 - Files S09-510).
Outgroups for CPQ and FCPB/LHC trees were LHC and CPQ
sequences, respectively.
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