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Chromera velia is an alveolate alga associated with scleractinian corals. Here we present detailed work on chro-
matic adaptation in C. velia cultured under either blue or red light. Growth of C. velia under red light induced
the accumulation of a light harvesting antenna complex exhibiting unusual spectroscopic properties with red-
shifted absorption and atypical 710 nm fluorescence emission at room temperature. Due to these characteristic
features the complex was designated “Red-shifted Chromera light harvesting complex” (Red-CLH complex). Its
detailed biochemical survey is described in the accompanying paper (Bina et al. 2013, this issue).
Here, we show that the accumulation of Red-CLH complex under red light represents a slow acclimation process
(days) that is reversible with much faster kinetics (hours) under blue light. This chromatic adaptation allows
C. velia to maintain all important parameters of photosynthesis constant under both light colors. We further
demonstrated that the C. velia Red-CLH complex is assembled from a 17 kDa antenna protein and is functionally
connected to photosystem II as it shows variability of chlorophyll fluorescence. Red-CLH also serves as an addi-
tional locus for non-photochemical quenching. Although overall rates of oxygen evolution and carbon fixation
were similar for both blue and red light conditions, the presence of Red-CLH in C. velia cells increases the light
harvesting potential of photosystem II, which manifested as a doubled oxygen evolution rate at illumination
above 695 nm. This data demonstrates a remarkable long-term remodeling of C. velia light-harvesting system
according to light quality and suggests physiological significance of ‘red’ antenna complexes.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

In an aquatic environment, photosynthetic organisms are distribut-
ed through the euphotic zone where the light conditions are variable
and depend mainly on the absorption and scattering of water and vari-
ous dissolved and particulate matter, including phytoplankton. In the
oligotrophic areas, the light environment is driven by the optical prop-
erties of the water itself as the spectrum of light changes with depth.

Abbreviations: CA, chromatic adaptation; C. velia-B, Chromera velia grown on blue
light; C. velia-R, Chromera velia grown on red light; Chla, chlorophyll a; CLH(c), Chromera
light harvesting (complex); ETR, electron transport rate; FCP, fucoxanthin chlorophyll
a/c protein; LHC, light harvesting complex; NPQ(y), non-photochemical fluorescence
quenching (spectrally resolved); PAR, photosynthetically active radiation (400-700nm);
PS1 (1), photosystem I (II); Red-CLH(c), red-shifted Chromera light harvesting (complex);
RT, room temperature; SRFI, Spectrally Resolved Fluorescence Induction
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Red light and far-red light are strongly attenuated in the upper layer
of the water column and blue light penetrates much deeper [1,2]. In
optically more complex environments, such as shallow coastal waters,
the spectrum of light is affected by the higher concentration of organic
or inorganic particles and by the reflection from the sea floor [3,4]. Pho-
tosynthetic organisms that live in aquatic environments have developed
strategies to sense and respond to variable ambient spectral conditions.
In algae and protists, several sensory photoreceptors are used to detect
the spectral quality of irradiance (for review, see [5]). The mechanisms
responding to changes of the ambient spectral light quality were de-
scribed as chromatic adaptation (CA) [6]. This phenomenon has
been well documented for cyanobacteria (for recent review see
[71), but for eukaryotic organisms the current knowledge is rather
inconsistent (see discussion in [8]). There are several studies de-
scribing CA in diatoms [8-13], dinoflagellates [14] and in colonies
of coral reefs [1]. The CA in diatoms was identified as an inverse
type [8], which is typically accompanied by compensatory changes
within the photosystems at the thylakoid level. This is different in
comparison to the complementary type of CA in cyanobacteria that
involves preferential synthesis of major light-harvesting phycobilin
pigments such as phycocyanin or phycoerythrin (reviewed in [7]).
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Diatoms possess several photoreceptors sensing both blue as well as
red lights (see [2] and citations therein), however only the perception of
blue light was found to be essential for acclimation to high light [13]. On
the other hand, red light was reported to induce specific expression of
Lhcf15, the fucoxanthin chlorophyll a/c protein, [ 13] and the appearance
of the 710 nm PS II fluorescence emission at room temperature [9].
Although the mechanism(s) responsible for this red emission remain
to be elucidated, available data suggests that photoprotection in dia-
toms is regulated not only by the light intensity but also by its quality
and includes a large reorganization of antenna systems.

Focusing on the photosynthesis of coral reefs, the majority of photo-
synthetically active radiation (PAR) is absorbed by symbiotic algae of
corals (zooxanthellae). The light environment inside the coral tissue
and under the coral-reef invertebrates (e.g. ascidians) is strongly
depleted in PAR, but enriched in far-red wavelengths [15-17]. Thus
phototrophs associated with corals and didemnid ascidians had to
extend their absorption capacity to the far-red region. This can offer
a strategic advantage in niches where the PAR is limited [18]. For ex-
ample, the ascidian associated cyanobacterium Acaryochloris marina
uses chlorophyll d instead of chlorophyll a (Chla) as a major pigment
[19,20] that allows it to utilize available far-red light (700-750 nm).
Recently, an even more far-red shifted chlorophyll f has been discov-
ered in stromatolite samples [21]. The endolithic alga Ostreobium sp.
is another oxygenic phototroph that can persist below a dense layer
of other phototrophs due to extremely large number of red-shifted
forms of Chla [22-24]. The capacity to absorb light with wavelengths
longer than 700 nm and the ability to utilize it for photosynthesis in
Acaryochloris [25], Acaryochloris-like cyanobacteria [16] and in
Ostreobium sp. [24] represents an important ecological advantage
in coral-reef environment.

The role of red light absorbing pigments in the photochemistry of
photosynthesis is still not clear. So far, the red forms of Chla, discovered
by Butler in the 1960s [26,27], were considered to be related mostly
with the activity of photosystem I (PS I). Although relatively small in
number (they form about 3-10% of the total chlorophylls), they have a
pronounced effect on energy transfer and trapping in the PS I [28].
Nevertheless, they seem to be involved as well in PS II activity, as oxy-
gen evolution induced by irradiance above 700 nm was also observed
in Chla containing phototrophs from regular habitats, such as green
alga Chlorella vulgaris [29,30] and even for higher plants including
sunflower, bean and spinach [31-33]. Despite clear evidence of far-red
photochemistry [24,29-33], the role of red Chla in PS Il photochemistry
is not generally accepted and there is only poor evidence for its presence
in the PS Il antennae. The only known exceptions are represented by the
atypical association of PS I antenna Lhcal with PS Il in the endolithic alga
Ostreobium sp. 23] and red-shifted antenna protein LHCb9 in the moss
Physcomitrella patens, which possesses a typical motif for PS I antennae
but associates with PS Il [34,35]. However, the existence of such an-
tennae in diatoms and brown algae was presumed for a long time
[9,36-39].

In the present work, chromatic adaptation of Chromera velia and its
physiological importance has been explored in detail. This recently
discovered alga [40,41], together with Vitrella brassicaformis [42], repre-
sent a new phylum of algae called Chromeridae that are closely related
to non-photosynthetic apicomplexan parasites [40,43-45]. C. velia
is a coral associated alga [46,47] with highly efficient photosynthesis
[48]. Its pigment composition is very simple, consisting of Chla,
isofucoxanthin-like carotenoid, violaxanthin and (3,3-carotene [40].
Phylogenetically, the majority of light-harvesting complexes (LHCs) of
C. velia form a separate cluster closest to dinoflagellate LHCs, and to
the fucoxanthin chlorophyll a/c binding proteins (FCPs) of diatoms
[49]. These complexes were designated recently as “Chromera light har-
vesting” (CLH) complexes because of their unique properties [50]. In
addition, C. velia contains red alga-related PS I bound LHCs (PSI-LHCr)
[49,50] and also LI818-like proteins [49] known to be induced during
various stress conditions.

Here, we show that the prolonged growth of C. velia under mono-
chromatic red light leads to the reversible appearance of an additional
“Red Chromera light-harvesting” complex (Red-CLHc). This complex is
assembled from a 17 kDa antenna protein and exhibits a remarkable
red-shift in Chla absorbance and fluorescence emission at room temper-
ature. The far-red absorption/fluorescence nature of Red-CLHc is caused
by a 17 kDa protein aggregation as shown in the accompanying paper
[51]. This novel antenna complex is functionally connected to PS II and
contributes to the effective light harvesting of far-red wavelengths.

2. Materials and methods
2.1. Culture conditions

C. velia (strain RM 12) was grown at 28 °C in artificial seawater me-
dium with f/2 nutrient addition. Cells were kept in aerated glass tubes in
semi-continuous batch growth with 24 h continuous irradiation. Panels
made from LED strips were used for illumination with monochromatic
red (N = 635 nm) and blue (N = 460 nm) lights of incident intensity
of 20 umol photons m~2 s~ 1. All physiological measurements were per-
formed with culture densities of 1.8-2.6 x 10° cells ml~ . For biochem-
ical analysis cells were harvested in late exponential phase.

2.2. Fluorescence and absorbance spectroscopy

Absorption spectra were measured in a glass cuvette using a Unicam
UV 550 spectrophotometer (Thermospectronic, UK) equipped with
an integration sphere. Absorbance was recorded with a scan rate of
30 nm/min with a 4 nm detection bandwidth.

Room temperature fluorescence emission spectra were measured in a
cuvette with a SM-9000 spectrophotometer (Photon Systems Instru-
ments, Czech Republic) for blue light excitation (N = 464 nm) with a
dark acclimated sample in the Fy; (maximum fluorescence) state in-
duced by a saturating pulse according to Kana et al. [52,53]. For the
proper F710/F685 ratio calculation, the experimental data was de-
convoluted using Origin Pro 8.0 “Peak Analyzer” (OriginLab, USA),
using Gaussian curves. During the fitting procedure, only positions of
peak maxima were restricted to a 4 nm range around the predicted
maxima; all other parameters were set to be free for the minimization
of procedure, driven by Chi-square (with 10~ precision). The whole-
cell emission spectra at varying excitation wavelengths (Fig. 9) were
measured with a Spex Fluorolog-2 spectrofluorometer (Jobin Yvon,
Edison, NJ, USA) using a slit width of 1.6 nm. The sample OD was <0.1
in the Chla Q, band. In the case of the far-red excitation (720 nm) the
emission spectrum was composed of separate measurements of the
uphill (<720 nm) and downhill (>720 nm) parts to avoid damage of
the instrument by excitation radiation passing directly into the detector
when excitation and emission monochromators were set to the same
wavelengths.

77 K fluorescence emission spectra were measured using an Aminco-
Bowman Series 2 spectrofluorometer (Thermo Fisher Scientific, USA)
using standard instrument geometry. Diluted cell suspensions (in
order to avoid fluorescence reabsorption) were placed in a sample
holder and immersed in an optical Dewar flask filled with liquid
nitrogen. The excitation was at 435 nm with a 4 nm slit width. The
emission spectra were scanned with a 4 nm slit width. The instru-
ment function was corrected by dividing the raw emission spectra
by the simultaneously recorded signal from the reference diode.

2.3. Preparations of cell membranes

C. velia cells (200 mL, optical density at 750 nm ~ 0.5) were washed
and resuspended in buffer containing 1 mL of 25 mM MES/NaOH,
pH 6.5, 5 mM CaCl,, 10 mM MgCl,, and 25% glycerol. The concentrated
cell suspension was mixed with 0.5 mL of glass beads (0.1 mm diameter)
in a 2 mL Eppendorf tube and broken in a Mini-BeadBeater (BioSpec,
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USA). The breaking cycle that includes 10 s bead-beating followed by
2-min cooling on ice was repeated 10-times. Membranes were separated
from the cell extract by centrifugation (40,000 xg, 20 min). The isolated
membranes were resuspended in the working buffer and solubilized by
gentle shaking with 1% dodecyl-R-maltoside at 10 °C for 1 h. Insoluble
parts were removed by centrifugation (65,000 xg, 20 min).

24. Denaturating and two dimensional electrophoresis

Membrane proteins prepared as described above were incubated
with 2% SDS and 1% dithiothreitol for 1 h at room temperature and
then separated on SDS-electrophoresis in a 12-20% linear gradient poly-
acrylamide gel containing 7 M urea [54]. Analysis of membrane com-
plexes under native conditions was performed by a Clear-Native
electrophoresis as described in Wittig and Schagger [55]. To record fluo-
rescence emission spectra of antenna complexes, pigmented bands
were cut from the native gel, placed on a laboratory-made holder and
the chlorophyll fluorescence in the gel was measured by the spectroflu-
orometer (Aminco-Bowman Series 2, Thermo Fisher Scientific, USA)
after excitation at 435 nm. To separate protein complexes in the second
dimension, a gel strip from the Clear-native electrophoresis was incu-
bated for 30 min in 25 mM Tris/HCl, pH 7.5 containing 2% SDS (w/v)
and placed on top of the same denaturing gel system described earlier.
Protein spots were stained with Coomassie Blue.

2.5. Cell composition

Cell numbers and size were determined with a calibrated Coulter
Counter (Beckman Multisizer IIl) equipped with a 70 um aperture.
Specific growth rates (i; d~') were calculated from p= (In ¢ — In ¢g)/
(t — to), where c is the cell concentration and t is time measured in
days.

For cellular carbon and nitrogen determination, cultures were
harvested onto precombusted (400 °C, 4 h) GF/F filters (Whatman,
England) and frozen until analysis on a Micro-cube elemental analyzer
(Elementar, Germany).

For pigment analysis, the aliquots of algal suspension were collected
on GF/F filters (Whatman, England), soaked overnight at —20 °C in
100% methanol and subsequently disrupted using mechanical tissue
grinder. Samples were kept on ice and in darkness to minimize pigment
degradation. Filter and cell debris were removed by centrifugation
(12,000 xg, 15 min) and the extract was injected into an Agilent 1200
HPLC system equipped with a DAD detector. Pigments were separated
using a Luna 3 C8 column (100 x 4.60 mm; Phenomenex) at 35 °C
with a linear gradient from 0.028 M ammonium acetate/methanol
(20/80) to 100% methanol and with a flow rate set to 0.8 mL/min. Elut-
ed pigments were identified according to absorbance spectra and the
respective retention times and quantified at 440 nm with consideration
of their different absorption at specific wavelengths. The molar extinc-
tion coefficients were used as follows (in L mol~ ' cm™!): 153 x 10°
for violaxanthin (at 443 nm; solvent ethanol), 145 x 103 for zeaxanthin
(at 450 nm; solvent ethanol), 141 x 10 for B-carotene (at 453 nm;
solvent ethanol) [56] and 71.43 x 10> for Chla (at 665 nm; solvent
methanol) [57]. As the extinction coefficient for the isofucoxanthin-
like pigment hasn't been yet determined, we used the coefficient of fu-
coxanthin calculated from E}%,, used in Wright & Jeffrey [58] 105 x 10°
(at 452 nm; solvent ethanol).

For chlorophyll quantification, we used the same extract, but mea-
sured the sample on a UV/VIS spectrophotometer (Unicam UV 550,
Thermo Spectronic, UK). Chla concentration was calculated according
to Porra et al. [57].

2.6. Variable fluorescence measurements

Photosynthetic efficiency of PS Il was calculated from variable Chla
fluorescence measured with a FL-3000 fluorometer (Photon System

Instrument, Czech Republic). Samples were dark adapted for 20 min
before applying low intensity measuring light (A = 455 nm) for the
detection of intrinsic fluorescence of the dark adapted sample (Fp).
Subsequently a multiple turnover saturating flash (200 ms) was ap-
plied to measure the maximum quantum yield of photochemistry
(Fy/Fm = (Fm — Fo)/Fum). Cells were then illuminated with an orange
actinic light (A = 625 nm; 480 umol photons m~2 s~ ). Finally, after
2 min, another saturating flash was applied and non-photochemical
quenching calculated as NPQ = (Fy — Fy')/Fy’ (Stern-Volmer for-
malism) where Fy and Fy’ are the maximum fluorescence mea-
sured in the dark and light respectively. The effective quantum
yield of PS Il photochemistry (Genty's parameter; @ps ;) was cal-
culated as @ps;; = (Fp' — Fi)/Fm’ and photochemical quenching
as qP = (Fu' — Fy)/(Fm’ — Fo’). The F, was the actual fluorescence
at given time excited by actinic light and Fy’ was the minimal fluores-
cence of light adapted sample.

2.7. Spectrally Resolved Fluorescence Induction and non-photochemical
quenching

The time courses of fluorescence induction at 685 nm (F685) and
710 nm (F710) presented in Fig. 7A were collected by means of the
Spectrally Resolved Fluorescence Induction (SRFI) method described
in detail by Kana et al. [52,53] using a FL-100 fluorometer (Photon Sys-
tem Instrument, Czech Republic) synchronized with a SM-9000 spec-
trophotometer (Photon Systems Instruments, Czech Republic).
Presented fluorescence induction curves F685 and F710 were corrected
to the intensity of excitation light used. The spectral changes in the non-
photochemical quenching (NPQ) parameter were measured according
to Kafa et al. [59] with these modifications: NPQ was induced by a
2.5-minute long irradiation by strong blue light (1200 pmol photons
m~2s~', N\ = 464 nm, A\ ~ 20 nm). NPQ was calculated according to
Stern-Volmer formalism for every wavelength.

2.8. Measurement of photosynthetic rates

The electron transport rate (ETR) was determined by measurement of
fast repetition rate fluorescence using a modified FM 3500 fluorometer
(Photon Systems Instruments, Czech Republic). After a 20 min dark
adaptation a series of 100 sub-saturating flashes (A = 463 nm, 1.5 ps)
inducing a single turnover flash for sequential PS II closure, was applied.
This was done for the 11 levels of amber (N = 590 nm) actinic light in-
tensities (0-1340 pumol photons m~2 s~ !). The data was fitted and ETR
calculated according to citations and equations described in Quigg et al.
[48].

Oxygen evolution was measured using a Clark-type electrode (Theta
90, Czech Republic) in the presence of 1 mM sodium bicarbonate. The
rate of gross oxygen evolution was calculated from the slope of net O,
evolution measured at saturating irradiance plus the slope of respirato-
ry O, utilization measured in the dark just after light exposure. For stan-
dard measurement, cells were irradiated with white actinic light
(KL1500, SCHOTT, USA). To test if long wavelength quanta could sup-
port the oxygen evolution in C. velia we used a 695 nm longpass filter
(FGL695, Thorlabs, USA); in this case the irradiance was not saturating.
The oxygen evolution rate was normalized to the Chla content.

Photosynthetic carbon fixation was assessed from incorporation of ra-
dioactive H'*CO3 using the protocol described previously [48]. The
samples were incubated with the 'C isotope in the laboratory-built
photosynthetron [60] for 40 min at 28 °C. Disintegrations per minute
were counted on a calibrated Tri-Carb 2810 TR Liquid Scintillation
Analyser (PerkinElmer, USA). The total dissolved CO, in the media
was determined by alkalinity titrations. The carbon fixation rate was
normalized to the Chla content. All measurements of photosynthetic
rates were performed at 28 °C.
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3. Results
3.1. Spectroscopic analysis of C. velia cells during chromatic adaptation

The absorption spectra of whole cells reflected the typical pigment
composition of C. velia, which contains Chla, violaxanthin, 3-carotene
and an isofucoxanthin-like pigment [40]. Interestingly, the cell culture
grown under red light (hereafter C. velia-R) showed a red-shifted absor-
bance with maximum around 705 nm (Fig. 1) that was completely
missing in the culture grown at blue light (C. velia-B). The presence of
the red-shifted pigments in C. velia-R was also readily detectable in fluo-
rescence emission spectra recorded at room temperature (RT). As
shown in Fig. 2A, C. velia-R exhibited two fluorescence emission bands
at RT; the typical 688 nm emission of the PS Il core was accompanied
by an additional dominant emission band at 710 nm (Fig. 2A), reflecting
emission from pigments absorbing above 700 nm. As expected, the
emission of red-shifted chlorophylls was even more visible at low
temperatures (Fig. 2B). C. velia-B had a maximum of the 77 K fluores-
cence at 690 nm, while C. velia-R at 717 nm. Although C. velia was
already shown to rearrange its fluorescence emission as a response
to light intensity [48], this data suggests that the light quality has a
much greater effect.

To further explore the chromatic adaptation of C. velia to red light
the RT F710 emission band was employed as a marker. Particularly, to
monitor kinetics of chromatic adaptation to light quality we follow
changes in the RT fluorescence ratio F710/F685 after shifting C. velia-B
to the red light and vice versa. As shown in Fig. 3, upon the shift from
red to blue light the fluorescence maximum at 710 nm completely dis-
appears within several days. The relative F710 decline can already be
observed after 18 h, during the following two days the F710/F686
ratio dropped to 50% and finally became negligible after about two
weeks of keeping cells under blue light. The opposite process is signifi-
cantly slower. Upon the shift of C. velia-B to red light we observed a
2 day long lag phase before the F710 emission emerged (Fig. 3). After
this period, the F710 emission developed gradually and reached its
maximum within 18 days. When the F710 first appeared in C. velia-B
shifted to red light, the C. velia-R culture shifted to blue light already
showed a 50% decline of F710. Our data clearly shows that the chromatic
adaptation of C. velia to red light comprises a relatively slow accumula-
tion of red-shifted pigments and this process is reversible on blue light
with faster kinetics.
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Fig. 1. Absorption spectra of whole cells of C. velia grown under red (C. velia-R) and blue
(C. velia-B) light. The spectra were normalized to Chla absorption maximum at 678 nm.
Inset: the difference spectrum between red and blue light adapted culture.
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3.2. Re-organization of pigment protein complexes

Observed appearance of red absorbing chlorophylls in C. velia accli-
mated to red light could arise from a rearrangement of existing pigment
complexes or, alternatively, from the accumulation of new chlorophyll-
binding complex(es). In order to distinguish between these possibilities
we first analyzed the composition of membrane proteins by denaturating
SDS electrophoresis (Fig. 4). Interestingly, cells acclimated to red or blue
light had virtually the same pattern of membrane proteins except for the
presence of a protein with a mass of approximately 17 kDa in the
C. velia-R sample. To obtain more details about the 17 kDa protein, we
analyzed membrane protein-complexes by two dimensional electro-
phoresis. Solubilized complexes were first separated by clear-native-
electrophoresis (CN-PAGE in Fig. 5). In the case of both samples
(C. velia-R and C. velia-B) pigmented high molecular mass complexes
can be recognized on the top of the CN-PAGE. As reported recently, these
bands on the top of the gel represent a stable, megadalton super-
complex(es) of photosystems and antennae proteins (Fig. 5, [61]),
which also explains why typical bands of PS I and PS Il are not observed
(Fig. 5). Further, in both samples, two broad antenna bands run on the
bottom of the electrophoretic gel corresponding to the recently charac-
terized CLH antenna [50]. We were able to distinguish two CLH antenna
complexes different in molecular masses; the Chromera light harvesting
complex I (CLHc I) and complex Il (CLHc II) that represent smaller
CLH trimers and larger CLH oligomers respectively, as described in
Tichy el al. [50]. In C. velia-R variant, the CLHc Il is clearly more yellowish
and has a stronger intensity of Chla fluorescence (Fig. 5), indicating
some changes due to chromatic adaptation to red light. Importantly,

L
kDa & &
(O
204-
119-
100-mw
1

Fig. 4. SDS-electrophoresis of membrane proteins isolated from C. velia grown under
monochromatic blue (C. velia-B) and red (C. velia-R) light. A 17 kDa antenna protein in-
duced specifically by red light is marked by asterisk.

the presence of a new antenna complex, migrating a bit faster on the
CN-PAGE than the CLHc I, is apparent from the chlorophyll ‘in gel’ fluo-
rescence (Fig. 5).

Individual subunits of observed pigmented complexes were further
resolved in a second dimension by SDS electrophoresis (Fig. 5). De-
naturing gel showed that both CLH complexes in C. velia-B cells are
composed from at least two antenna proteins with similar molecular
masses around 20 kDa and 22 kDa, and thus likely representing two
oligomeric states of the same antenna complex. The 17 kDa protein,
specific for C. velia-R sample, migrates between CLH complexes as an in-
dependent antenna protein and co-migrates with observed chlorophyll
fluorescence and the yellowish band on CN-PAGE (Fig. 5). We have thus
tentatively designed this antenna complex as a novel Red-CLH complex.
Intriguingly, all individual antenna proteins including the 17 kDa pro-
tein seem to dissociate during electrophoresis from the large complex
migrating close to the top of the gel. However, no chlorophyll fluores-
cence of this supercomplex was detected (Fig. 5), which implies a
very efficient fluorescence quenching, most probably due to the pres-
ence of PS1[61].

A comparison of the room temperature fluorescence spectra of the
CLH complexes clearly showed that only the Red-CLH complex exhibits
the red-shifted emission band (710 nm; Fig. 6) typical for C. velia-R in-
tact cells (see Fig. 2A). Moreover, the size of the Red-CLH on CN-PAGE,
just above the CLHc I indicates that the 17 kDa protein forms an aggre-
gate larger than trimers described in Tichy et al. [50], despite its lower
molecular mass compared to the components of CLH. Further analysis
of the purified Red-CLH complex describing its pigment composition,
spectroscopic properties and phylogenetic origin is provided in the
accompanying paper [51].

3.3. Physiological consequences of chromatic adaptation in C. velia

The effect of pigment-protein re-organization during chromatic ad-
aptation on the physiology of photosynthesis was further explored in
detail. The C. velia-R and C. velia-B had similar specific growth rates
(w); the p of C velia-R was only 7% lower compared to C. velia-B
(Table 1). We have observed no changes in cell size or cellular carbon
per nitrogen (C/N) ratio (Table 1). Growth under red light resulted
in a higher concentration of photosynthetic pigments per cell; Chla
concentration increased by 11% (Table 1) and relative content of
violaxanthin by 18% (both per total pigments as well as per Chla;
Table 2). Interestingly, an opposite effect (de-pigmentation) is caused
by red light in diatom species, e.g. in Phaeodactylum tricornutum [13]
and Haslea ostrearia [8]. We observed no variations in photosynthetic
rates of C. velia-R and C. velia-B when calculated per Chla as differences
in oxygen evolution (representing light reactions) and carbon fixation
(dark reactions) were insignificant (Fig. 8A, Table 3). The only signifi-
cant difference we found was for the electron transport rate which
was slower by 21% in C. velia-R (Table 3). This is in line with the data
presented for diatoms P. tricornutum [13] and H. ostrearia [8]. Differ-
ences in the maximal efficiency of PS Il photochemistry in the dark
were minimal; Fy/Fy was 0.54 and 0.58 for C. velia-R and C. velia-B
respectively (Table 4). The effective quantum yield of PS Il on light,
©psy; (Genty parameter), was very low for both variants (~0.06,
Table 4). Such a low value of @pg; is typical for C. velia photosynthesis
and does not signify low efficiency or impairment of PS II, but seems
to be related to a shared antennae pool between PS I and PS II [48].
This is in agreement with large aggregates of photosystems and an-
tenna proteins observed on CN-PAGE (Fig. 5, [61]) indicating a firm
interconnection among components of photosynthetic apparatus.
In contrast to diatoms [13], we did not observe a dramatic difference
in NPQ between C. velia grown under red or blue light. The NPQ of
C. velia-R was only by 13% lower compared to C. velia-B (Table 4).
In summary, we did not observe a marked effect of chromatic adapta-
tion of C. velia on physiology of photosynthesis. Red light grown cells
grew a bit slower that could probably be related to the formation of
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Fig. 5. 2D electrophoresis of membrane protein complexes isolated from C. velia grown under monochromatic blue (C. velia-B) and red (C. velia-R) lights. Membrane proteins were solu-
bilized by dodecyl-3-maltoside and separated in a first dimension by clear-native electrophoresis (CN-PAGE). The native gels were scanned in true colors (“Scan”); Chla fluorescence (“Chl
fluor.”) was detected using LAS 4000 (Fujifilm Life Science, USA) with 460 nm excitation wavelength and 670 nm long pass filter. The protein complexes resolved on the CN-PAGE were
further separated in the second dimension by denaturing gel (SDS-PAGE) and stained by Coomassie Blue. The positions of typical light harvesting complexes CLHc I and CLHc Il are marked
by black lines above CN-PAGE. The red-shifted light harvesting antennae complex (Red-CLHc) specific for C. velia-R is marked by red line, the putative position of this complex in C. velia-B
is highlighted by gray line. The 17 kDa antenna protein co-migrating with the Red-CLHc is red-circled.

the new 17 kDa protein (see Figs. 4 and 5). C. velia-R was also more
pigmented, had less efficient PS II in dark (Fy/Fy;) and substantially
slower ETR. However, the integrated physiological parameters, like the
rates of photosynthetic carbon fixation and oxygen evolution were sim-
ilar for both variants. All these above mentioned adaptations, including
synthesis of new 17 kDa protein, allow for successful chromatic adapta-
tion of C. velia to red light.

Fluorescence [r.u.]

P S U RS EEPEPU B
640 660 680 700 720 740

Wavelength [nm]

Fig. 6. Room temperature fluorescence emission spectra of the Red-CLH complex isolated
from C. velia-R cells by CN-PAGE (see Fig. 5). This pigment-protein complex contains the
17 kDa protein as it is apparent from the 2D gel (see Fig. 5).

3.4. Organization of the thylakoid membrane. The red-shifted antenna
delivers excitations to PS II

The excitation energy flow between the red antenna and photosys-
tems was investigated by means of Spectrally Resolved Fluorescence In-
duction (SRFI) method, oxygen evolution measurement and steady
state fluorescence spectroscopy. As can be seen in Fig. 7A, excitation
into the Chla at 464 nm produced very similar fluorescence induction
curves for fluorescence signals at 685 nm (F685) reflecting typical PS
I and at 710 nm (F710) reflecting far-red antenna. This observation
clearly implies that the red-antenna complex (Red-CLHc in Fig. 5) is
functionally connected with PS II. Calculating the spectrally resolved
NPQ (NPQ,) according to Kana et al. [59] we have noticed a significant
rise of NPQ, in the region of 700-750 nm with the maximum between
710 and 720 nm in the C. velia-R variant (Fig. 7B) implying that red
antenna is somehow involved in excess energy dissipation via NPQ,

It was already mentioned that the oxygen evolution rates were com-
parable for both C. velia-R and C. velia-B cultures when measured with
standard white actinic light (Fig. 8A, Table 3). To test the physiological
relevance of energy transfer between the red antenna and PS II, we

Table 1
Cellular response of C. velia grown under red (C. velia-R) and blue (C. velia-B) continuous
light.

0 Cell size C/N Chlorophyll/cell
[d1] [um] [mol/mol] [pg cell ']
C. velia-R 0.127 4+ 0.002 7.1+ 0.0 55+ 0.1 0.82 + 0.05
C. velia-B 0.137 & 0.001 7.0+ 0.1 55+ 0.1 0.74 + 0.04
p p<005(n=2) ns. (n=3) ns. (n=3)
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Table 2

Pigment composition of C. velia grown under red (C. velia-R) and blue (C. velia-B) continuous light.

Chlorophyll/total pigments Violaxanthin/total pigments

Isofucoxanthin/total pigments Violaxanthin/Chla Isofucoxanthin/Chla

[mol/mol] [mol/mol] [mol/mol] [mol/mol] [mol/mol]
C. velia-R 0.38 + 0.04 0.20 + 0.01 0.40 £ 0.03 0.52 + 0.05 1.06 £+ 0.12
C. velia-B 0.39 4+ 0.04 0.17 £ 0.01 042 + 0.04 0.44 + 0.05 1.07 £ 0.12
p ns. (n=>5) p<0.001(n=25) p<005(n=5) p<0.01(n=25) ns. (n=25)
Table 3

Photosynthetic rates of light and dark reactions in C. velia grown under red (C. velia-R) and blue (C. velia-B) continuous light.

Electron transport rate
[umol electrons mg chla~' h™']

Carbon fixation rate
[mg Cmgchla'h™1]

Oxygen evolution rate
[wmol O, mg chla~ ' h~']

C. velia-R 643 4+ 39
C. velia-B 818 £ 79
p p<0.001 (n=12)

206 + 19 1.88 4 0.08
214+ 8 1.79 + 0.04
ns.(n=3) ns.(n=3)

have measured oxygen evolution under far red light (>695 nm). As seen
in Fig. 8B, C. velia-R cells showed a marked increase in oxygen evolution
rates compared to the C. velia-B culture, unambiguously demonstrating
that the energy captured by the red-antenna complex is capable of
driving the PS Il photochemistry. This result is in agreement with
earlier observations in the green alga Ostreobium sp. [24]. Also like
in Ostreobium sp., the above described observation indicates that
the PS Il photochemistry relies on the (thermally activated) uphill
energy transfer.

To further study the excitation energy partitioning in the red-light
adapted C. velia, we employed steady state fluorescence spectroscopy
at room temperature. Fig. 9 presents a comparison of steady state
emission spectra of C. velia-R cells measured with excitation into the
Chla Soret band (435 nm), violaxanthin (490 nm), iso-fucoxanthin-
like carotenoid (540 nm) and the far-red Chla band (720 nm) as indicat-
ed in the figure inset. In the case of the far-red excitation, the emission
detected in the range of 620-720 nm represents the anti-Stokes
emission from thermally populated states; as expected, no such
emission was observed in measurements done at cryogenic temper-
atures (data not shown). The almost perfect agreement between the
spectra recorded in the Stokes (excitation energy above the fluores-
cence) and anti-Stokes modes suggests that the light-harvesting
complexes in the membrane of C. velia cells act as a unified pool of
pigments in which the excitation is distributed according to the
thermal equilibrium. This implies no spatial hindrance to excitation
migration and consequently no separation into structural domains.
It thus follows that the energy captured by the red-antenna is
distributed to both PS Il and PS I which share a common antenna
pool. This represents a limiting case of earlier observations in C. velia
[48] that also indicated certain extent of antenna sharing between the
photosystems.

4. Discussion

Chromerids, close relatives of apicomplexan parasites [40,43], are
known to be associated with coral reef environments, predominantly
off-shore tropical and warm subtropical waters [62]. C. velia is the first
chromerid described [40,41] and is able to operate highly efficient and
adaptive photosynthesis [48]. However, it has not been known how it
can adapt to the specific spectral conditions of its environment.

Phototrophic organisms associated with coral reefs often exhibit a
red shift of the absorption of their antenna complexes. This kind of ad-
aptation has been shown to increase the light harvesting potential of
PS II under conditions where the intensity of PAR around 680 nm is
absorbed by the overlying layers of phototrophs [63]. Moreover, in

aquatic environments, the problem of shading is exacerbated by
the fact that water itself is a strong absorber in the region above
700 nm. Hence combination of filtering by the water column and
Chla-containing phototrophs leaves just a rather narrow window
around 710 nm. Indeed, in this spectral region the most of red-shifted ab-
sorption bands are found. For instance, the cyanobacterium A. marina,
achieves red-shifted absorption using an unique pigment, chlorophyll d,
with absorption maximum in the 700-720 nm region [18]. The green
alga Ostreobium sp. employs the red shifted Chla localized in the Lhca
complexes that are connected to PS Il rather that PS 1 [22,23]. The same
limitations in the availability of PAR hold also for benthic diatoms such
as Pheodactylum and Nitzschia [64] that are also known to express red-
shifted Chla-containing antenna complexes. Identity of the diatom red-
shifted complexes has not been elucidated although the available data in-
dicate association with the Lhcf/FCP family [9,13]. In the present study
and the accompanying paper [51] we demonstrate that C. velia utilizes
a novel red-shifted antenna complex, Red-CLHc (Fig. 5) without close re-
lation to both the Lhca proteins and the antenna complexes of diatoms
[51].

Our biochemical analysis has shown that in C. velia the chromatic ad-
aptation to red light is accompanied by the accumulation of a 17 kDa
protein assembled into the Red-CLH complex. This antenna complex
has unusual spectroscopic properties with atypical, red-shifted absorp-
tion at 705 nm (Fig. 6) and corresponding RT fluorescence emission at
710 nm (Figs. 2 and 6). The red-shifted absorption/fluorescence of
Red-CLHc is not an internal property of the 17 kDa protein itself
but is caused by 17 kDa protein aggregation into an oligomer (see
the accompanying paper [51]). The similar spectroscopic behavior
including stimulation of absorption above 700 nm and F710 fluores-
cence signal at RT has been documented for diatoms P. tricornutum
and Nitzschia closterium grown on weak red light [9]. The F710-like
emission was also reported in several strains of phaeophytes [39].

Red chlorophylls are generally considered to be associated with PS |
in cyanobacteria or with PS I antennae of plants (see e.g. [28,65,66]). It is
expected that these red-shifted chlorophylls represent chlorophyll

Table 4
Photosystem Il photochemistry of C. velia grown under red (C. velia-R) and blue (C. velia-B)
continuous light.

Fu/Fu @ PslI 1-qP NPQ
C.velie-R 0541 + 0.002 0.061 + 0.001 0.746 + 0.006 1.07 + 0.02
C.velia-B  0.576 + 0.004 0.057 + 0.006 0772+ 0.018 1.23 & 0.01

p p<0.001 (n=3) ns.(n=3) ns. (n=3) p<0.001 (n=3)
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Fig. 7. Spectrally Resolved Fluorescence Induction (SRFI) measured with C. velia adapted
to red (C. velia-R) or blue (C. velia-B) monochromatic growth irradiance. Panel A: Time
course of Chla fluorescence quenching analysis of C. velia-R that was detected simulta-
neously for all emission wavelengths under the excitation at 464 nm. The fluorescence
signals at 685 nm (F685; reflecting typical PS II) and at 710 nm (F710; reflecting far-red
antenna) are presented. Cells were dark adapted for 20 min before application of saturat-
ing pulse to measure the maximal fluorescence (Fy;). Then actinic light was applied for 150
s (see white bar) and the maximal fluorescence on light was measured (Fy'). The recovery
after light period was measured for following 150 s (see black bar). The signals of F685
and F710 were corrected for different intensities of excitation light used during protocol.
Panel B: The data from SRFI were employed to calculate the spectrally resolved non-
photochemical quenching (NPQx = (Fux — Fw/n)/Fum's) for both C. velia-R and C. velia-B.
Data represent typical curves.
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Fig. 9. Emission spectra of whole cells of C. velia grown under red-light (C. velia-R) mea-
sured at room temperature. Spectra were normalized at maximum. Excitation wave-
lengths are listed in legend and also marked in absorption spectrum of the cells (Inset).
The emission spectrum excited at 720 nm was composed from separate measurement
of uphill (<720 nm) and downbhill (>720 nm) part. The points at 720 + 1 nm were omitted
from the measurement.

aggregates [67]. The relatively high amount of red chlorophyll is located
in the core antenna of cyanobacterial PS I complexes [28,65] and in plant
PS I light-harvesting complexes Lhcal/Lhca4 [28,68]. Here, we present
several experimental proofs of functional connection of the red chloro-
phylls to PS Il in C. velia. This is supported by a series of experimental
data. Firstly, the F710 shows a variable fluorescence and induction char-
acter typical for PS II (see Fig. 7A). Although the similar conclusion has
also been proposed for diatoms [9], no direct methods involving fluores-
cence variability were presented. Secondly, we clearly show the func-
tional role of this PS II attached antenna complex, as oxygen evolution
was clearly driven by near far-red light in C. velia (see Fig. 8B). The pro-
nounced oxygen evolution induced by light above 700 nm has already
been reported for coral associated alga Ostreobium sp. [24] that corre-
lates well with the presence of a large number of red-shifted chloro-
phylls in this organism [22,23]. The far-red light induced stimulation
of oxygen evolution was also documented for green alga C. vulgaris
[29,30] and for plants [31-33] having a common chlorophyll a/b anten-
nae. In the case of plants, far-red light driven PS II activity was proposed
to be connected with the presence of red chlorophylls in the PS Il anten-
na [31,32], but this idea is still a matter of debate [31,32,69,70]. Until
now, the association of red chlorophylls with PS Il has been conclusively
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Fig. 8. Oxygen evolution rates of C. velia grown under red (C. velia-R) and blue (C. velia-B) continuous light measured with white (Panel A) and far-red >695 nm (Panel B) actinic light. Data

represent averages and SD for n = 3.


image of Fig.�7
image of Fig.�8
image of Fig.�9

742 E. Kotabovd et al. / Biochimica et Biophysica Acta 1837 (2014) 734-743

proven only in two types of organisms. In Ostreobium sp., the red chlo-
rophyll containing PS I antenna Lhcal is atypically attached to PS II
[23], which enables the uphill energy transfer from red chlorophylls to
the RC of PSI1[24]. In the moss P. patens antennae with red-shifted chlo-
rophylls is represented by the LHCb9 protein [34] an antenna protein
specific for mosses [35]. It seems that red-shifted light-harvesting
proteins are characteristic for shade light-environments [71], a habitat
typical for mosses like P. patens, for coral-reef associated organisms
(C. velia, Ostreobium sp., Acaryochloris) and arguably also for other ben-
thic [64] algae such as Pheodactylum and Nitzschia.

Another role played by the red-shifted antenna complexes function-
ally connected to PS Il is that of photoprotection. It has been already
suggested that far-red emitting fluorescence state could be related to a
mechanism of non-photochemical quenching in higher plants [72,73]
and in diatoms [74,75]. Furthermore, red chlorophyll molecules them-
selves play a significant role in photoprotection. This is well document-
ed for cyanobacterial PS I trimers [65,76] and peripheral PS I antenna of
plants [77]. However, red chlorophylls energetically coupled to PS II
could provide an even more efficient and very fast dissipation pathway,
as was discovered recently in desiccation tolerant mosses and lichens
[78-81]. We have shown previously that the effective NPQ operates
in C. velia that is dependent on violaxanthin de-epoxidation [82].
Here we have found a significant NPQ increase in the region around
710-720 nm in the C. velia-R variant (Fig. 7B). The C. velia-R cells
also possess higher violaxanthin/Chla ratio (Table 2). As the 17 kDa
antenna binds violaxanthin (see accompanying paper [51]), we sug-
gest that the Red-CLH complex forms an additional locus for NPQ.

All the factors mentioned above play a role in optimal chromatic
adaptation of C. velia to light conditions in its natural environment. In
nature, C. velia is associated with scleractinian corals [40,62] where it
has to adapt to the two different light environments. This organism is
not an obligate coral symbiont and in most cases it interacts with coral
only indirectly through its association with the coral related macroalgae
[47]. In this situation red light is attenuated by the water column and
blue light dominates, which are conditions analogous to our C. velia-B
variant. Moreover, C. velia is also able to live endosymbiotically within
coral larvae [46] that shows its potential to live inside the coral tissue
where the light microclimate is extremely poor in visible light but high-
ly enriched in far-red [15] (comparable to C. velia-R variant in this
work). We suggest that the capability of C. velia to thrive in such essen-
tially different light environments has been brought about by effective
chromatic adaptation of this organism.
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