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Abstract
Main conclusion Photoacclimation to variable light and photoperiod regimes in C. vulgaris represents a complex
interplay between ““biogenic’” phytochrome-mediated sensing and ‘“‘operational” redox sensing signaling pathways.

Chlorella vulgaris Beijerinck UTEX 265 exhibits a yellow—green phenotype when grown under high light (HL) in contrast
to a dark green phenotype when grown at low light (LL). The redox state of the photosynthetic electron transport chain
(PETC) as estimated by excitation pressure has been proposed to govern this phenotypic response. We hypothesized that
if the redox state of the PETC was the sole regulator of the HL phenotype, C. vulgaris should photoacclimate in response
to the steady-state excitation pressure during the light period regardless of the length of the photoperiod. As expected, LL-
grown cells exhibited a dark green phenotype, low excitation pressure (1 —qP=0.22 +0.02), high chlorophyll (Chl) content
(375 +77 fg Chl/cell), low Chl a/b ratio (2.97 +0.18) as well as high photosynthetic efficiency and photosynthetic capacity
regardless of the photoperiod. In contrast, C. vulgaris grown under continuous HL developed a yellow—green phenotype
characterized by high excitation pressure (1 —qP=0.68 +0.01), a relatively low Chl content (180 + 53 fg Chl/cell), high Chl
a/b ratio (6.36 +0.54) with concomitantly reduced light-harvesting polypeptide abundance, as well as low photosynthetic
capacity and efficiency measured on a per cell basis. Although cells grown under HL and an 18 h photoperiod developed a
typical yellow—green phenotype, cells grown at HL but a 12 h photoperiod exhibited a dark green phenotype comparable to
LL-grown cells despite exhibiting growth under high excitation pressure (1 —qP=0.8040.04). The apparent uncoupling of
excitation pressure and phenotype in HL-grown cells and a 12 h photoperiod indicates that chloroplast redox status cannot be
the sole regulator of photoacclimation in C. vulgaris. We conclude that photoacclimation in C. vulgaris to HL is dependent
upon growth history and reflects a complex interaction of endogenous systems that sense changes in photoperiod as well as
photosynthetic redox balance.

Keywords Photosynthetic electron transport - Excitation pressure - Green algae - Photoperiod - Photoacclimation -
Photosynthetic redox balance

Introduction

Differences in light quality are sensed by photosynthetic
Electronic supplementary material The online version of this organisms through s.pecialize(.i blue light selllsitive Cryp-
article (https://doi.org/10.1007/s00425-018-03070-6) contains tochromes, phototropins and zeitlupe, and red light sensitive
supplementary material, which is available to authorized users. phytochromes (Méglich et al. 2010; Casal 2013; Kianian-
momeni and Hallmann 2014). These photoreceptors serve
a vital role in photoautotrophic growth and development by
regulating the biosynthesis and assembly of thylakoid mem-
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biogenesis as well as photomorphogenesis; the photorecep-
tor-mediated sensing and signalling pathways that enable
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(Pogson et al. 2008; Pogson and Albrecht 2011; Estavillo
et al. 2012). In addition to photoreceptor-mediated light
quality sensing, photoautotrophs also sense changes in their
light environment through changes in photon flux density
(PFD) (Sukenik et al. 1988; Laroche et al. 1991; Anderson
et al. 1995; Durnford and Falkowski 1997; Pfannschmidt
et al. 1999; Falkowksi and Chen 2003; Chen et al. 2004;
Demmig-Adams et al. 2012; Stewart et al. 2015; Dietz
2015; Borisova-Mubarakshina et al. 2015). Changes in
light energy availability are sensed by mature chloroplasts
through modulation of the reduction—oxidation (redox) state
of intersystem photosynthetic electron transport (Allen et al.
1995; Escoubas et al. 1995; Anderson et al. 1995; Durn-
ford and Falkowski 1997; Hiiner et al. 1998; Pfannschmidt
2003; Hiiner et al. 2003; Chen et al. 2004; Ensminger et al.
2006; Bode et al. 2016) as well as the trans-thylakoid ApH
in a time-dependent manner (Falkowksi and Chen 2003;
Chen et al. 2004). However, recent evidence indicates that
the acceptor-side of PSI rather than the intersystem electron
transport PQ pool is the major source of redox signals that
appear to be transduced through a ROS signal transduction
pathway (Piippo et al. 2006; Borisova-Mubarakshina et al.
2015; Bode et al. 2016).

Despite their role in light-quality sensing, it has been
demonstrated that photoreceptors do not play a major role
in photoacclimation of the photosynthetic apparatus in
mature chloroplasts. Walters et al. (1999) used Arabidopsis
thaliana phytochrome mutants to demonstrate that adjust-
ments to the structure and functionality of the photosyn-
thetic apparatus in response to changing irradiance occur
independently of light quality sensing through photorecep-
tors. Fey et al. (2005) further demonstrated redox signals
from the photosynthetic apparatus are capable of inducing
changes in nuclear-encoded gene expression independently
of signalling mediated by photoreceptors. Rather, signals
derived from the mature chloroplast are believed to act as the
major regulators of photoacclimation (Escoubas et al. 1995;
Hiiner et al. 1998; Walters et al. 1999; Pfannschmidt 2003;
Falkowksi and Chen 2003; Chen et al. 2004; Fey et al. 2005,
Dietz, 2015; Bode et al. 2016).

Optimal photoautotrophic performance requires a balance
between the energy obtained through photochemistry with
the energy required for metabolism, growth and develop-
ment. Imbalances in cellular energy flow occur whenever the
rate of light energy absorption and transformation by tem-
perature-insensitive photochemistry exceeds the capacity to
dissipate excess light energy as heat through the xanthophyll
cycle and/or utilize absorbed light energy through carbon,
nitrogen and sulfur metabolism, respiration and ultimately
growth (Hiiner et al. 1998; Pfannschmidt 2003; Fey et al.
2005; Ensminger et al. 2006; Hiiner et al. 2012; Dietz 2015).
Changes in cellular energy balance are sensed as changes in
the redox state of photosynthetic electron transport and can
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be quantified as modulation of photosystem II (PSII) excita-
tion pressure (Hiiner et al. 1998).

Exposure of photoautotrophs to excessive excitation
energy (EEE) (Karpinski et al. 1999) modulates excita-
tion pressure which is a measure of the redox state of qui-
none A (Q,), the first stable electron acceptor of PSII, and
is estimated in vivo by the room temperature chlorophyll
(Chl) a fluorescence induction parameter as 1 —qP where
qP estimates the proportion of reduced Q4 as O educed)
(O Agreduced) T Qacoxidizeay) (Dietz et al. 1985; Hiiner et al.
1998). Since the oxidation of Q4 equceq) Via the intersystem
PQ pool is considered the rate-limiting step in photosyn-
thetic electron transport (Haehnel 1984; Ke 2001), the exci-
tation pressure reflects the redox state of the intersystem
photosynthetic electron transport chain (PETC) (Hiiner et al.
2012; Bode et al. 2016). Sensing and signalling upon expo-
sure to EEE by mature chloroplasts is defined as “opera-
tional” control (Pogson et al. 2008; Pogson and Albrecht
2011; Estavillo et al. 2012). These signals coordinate regu-
lation of the structure and efficiency of the photosynthetic
apparatus in mature, fully developed cells to ensure optimal
photosynthetic performance while mitigating the harmful
effects of excess light energy in the face of an ever-changing
environment (Sukenik et al. 1987, 1988; Melis 1991; Tanaka
and Melis 1997; Anderson et al. 1995; Falkowksi and Chen
2003; Matsuda et al. 2003; Pogson et al. 2008; Dietz 2015).
In this manner, the mature chloroplast serves dual roles; both
as an energy transducer and as a sensor for changes in the
environment (Anderson et al. 1995; Hiiner et al. 1998, Mur-
chie et al. 2009; Brautigam et al. 2009; Hiiner et al. 2012;
Dietz 2015; Dietz et al. 2016; Hiiner et al. 2016).

Research in the green algae Dunaliella sp. (Escoubas
et al. 1995; Maxwell et al. 1995b; Krdl et al. 1997) and
Chlorella vulgaris (Maxwell et al. 1994, 1995a; Wilson and
Hiiner 2000) indicate that the central sensor for changes in
cellular energy poise of photosynthetic electron transport in
green algae is the redox state of the plastoquinone (PQ) pool.
This was based on the observation that a typical high light
(HL) phenotype, characterized by yellow—green pigmenta-
tion, relatively low Chl content per cell and relatively high
Chl a/b ratio with concomitantly reduced abundance of the
major pigment-binding light-harvesting complex polypep-
tides associated with PSII (LHCII) could be mimicked by
application of the herbicide 2,5-dibromo-3-methyl-6-isopro-
pyl-1,4-benzoquinone (DBMIB) in the green algae D. fer-
tiolecta (Escoubas et al. 1995; Chen et al. 2004) and C. vul-
garis (Wilson et al. 2003). DBMIB mimics the effects of HL
on the redox state of the PQ pool by inhibiting its oxidation
by the Cyt by/f complex and subsequent transfer of electrons
to PSI thereby keeping the PQ pool reduced in the light and
results in a HL phenotype. In contrast, cultures developed
a dark green, LL phenotype characterized by a relatively
low Chl a/b ratio and high cellular Chl content per cell
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when treated with 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) whereby PSI keeps the PQ pool oxidized in the
light because DCMU blocks the transfer of electrons from
Q, to quinone B (Qp) and subsequently to the intersystem
PQ pool (Sukenik et al. 1987, 1988; Anderson et al. 1995;
Escoubas et al. 1995; Wilson et al. 2003; Chen et al. 2004;
Kurepin et al. 2013; Petrillo et al. 2014). However, recent
reports for Arabidopsis thaliana (Piippo et al. 2006; Atha-
nasiou et al. 2010; Bode et al. 2016) and Chlamydomonas
reinhardtii (Im and Grossman 2001; Humby et al. 2009)
indicate that the intersystem PQ pool is probably not the pri-
mary site for the generation of redox signals involved in ret-
rograde regulation. Rather, the acceptor-side of PSI appears
to a major site for the generation of chloroplast redox signals
(Dietz 2015, 2016; Bode et al. 2016).

The yellow—green, HL phenotype in Chlorella vulgaris
can additionally be mimicked by growth at low temperature
(Maxwell et al. 1994, 1995a, b; Krdl et al. 1997; Wilson
and Hiiner 2000; Wilson et al. 2003). Since light energy
absorption and subsequent utilization in metabolism, res-
piration and growth integrates extremely fast, temperature-
independent photochemistry with much slower, temperature-
dependent biochemistry, the reduction state of Q4 can be
modulated in a similar fashion by either low temperature
or HL. High light will increase the rate of Q, reduction
through the increased PFD. Although low temperature,
in the biologically relevant range, affects photochemistry
minimally, low temperature limits the reaction rates of the
temperature-sensitive, enzyme-mediated metabolic reactions
on the acceptor-side of PSI that consume photosyntheti-
cally generated electrons. Therefore, low temperature will
cause an over-reduction of photosynthetic electron transport
chain and an increase in PSII excitation pressure by limiting
metabolism and growth.

Since the yellow—green phenotype can be mimicked by
either HL or low temperature, photoacclimation in response
to changes in EEE is sensed through the redox state of the
PETC as opposed to light or temperature per se (Maxwell
et al. 1994; Hiiner et al. 1998; Dietz et al. 2016). Changes
in cellular energy balance by either growth PFD or tem-
perature will induce exposure to EEE which modulates the
reduction state of the intersystem electron transport chain
(PETC) and can be estimated as PSII excitation pressure.
This will induce a photoacclimation response which reflects
a retailoring of the structure and function of the photosyn-
thetic apparatus (Sukenik et al. 1987, 1988; Melis 1991;
Anderson et al. 1995; Escoubas et al. 1995; Tanaka and
Melis 1997; Falkowksi and Chen 2003; Matsuda et al. 2003;
Wilson et al. 2003; Chen et al. 2004; Kurepin et al. 2013;
Petrillo et al. 2014; Dietz 2015). Furthermore, since nutrient
limitations and water availability will also limit the capacity
to consume photosynthetically generated electrons (Gross-
man et al. 1994; Wykoff et al. 1998) and increase excitation

pressure, all photosynthetic organisms acclimate to changes
in their environment, in part, by sensing and responding to
the redox state of the PETC, an important “operational” sig-
nal (Pogson et al. 2008; Dietz 2008; Brautigam et al. 2009;
Dietz et al. 2016).

When photoautotrophs are in photostasis (Melis 1998),
the rate of light-induced photochemistry is balanced by the
capacity to consume photosynthetically generated electrons
through metabolism and growth and/or dissipate excess
absorbed light energy nonphotochemically as heat through
the xanthophyll cycle and nonphotochemical quench-
ing (NPQ) (Demmig-Adams and Adams 1992; Demmig-
Adams et al. 2012, 2014; Horton et al. 1996; Horton and
Ruban 2005; Robert et al. 2004; Murchie et al. 2009; Ruban
et al. 2012). Under these conditions, PSII excitation pres-
sure is low, the PQ pools remain oxidized as estimated by a
relatively low 1 —qP, and cultures of green algae display a
typical dark green, low light (LL) phenotype in which PSII
reaction centers essentially remain open (P680 Pheo Q,).
Environmental stresses including HL and low tempera-
ture cause an increase in excitation pressure by causing an
imbalance between light energy absorption through photo-
chemistry and the capacity for cellular energy use (Maxwell
et al. 1994; Escoubas et al. 1995; Maxwell et al. 1995a;
Wilson and Hiiner 2000; Falkowksi and Chen 2003; Murchie
et al. 2009). Under these conditions, the intersystem PETC
becomes reduced and excitation pressure is high reflecting
the accumulation of closed PSII reaction centres (P6307"
Pheo Q). Dunaliella tertiolecta cultures acclimated to HL
(Escoubas et al. 1995; Chen et al. 2004) or Chlorella vul-
garis acclimated to either low temperature or HL (Maxwell
et al. 1994; Savitch et al. 1996) display a yellow—green pig-
mentation characterized by retrograde redox suppression of
the nuclear-encoded Lhcb expression leading to decreased
pigment-binding LHCII polypeptide abundance with con-
comitantly reduced cellular Chl content, increased Chl a/b
ratio and high NPQ. The reduction in the accumulation of
LHCII polypeptides combined with high NPQ protects the
photosynthetic apparatus by decreasing the efficiency of
light absorption and energy transfer to reaction centers. C.
vulgaris and the cyanobacterium, Plectonema boryanum,
photoacclimate to either HL or low temperature by adjusting
the structure and function of the photosynthetic apparatus
as they appear to be limited in their capacity to stimulate
either growth rate (Miskiewicz et al. 2000; Wilson and
Hiiner 2000) or rates of carbon fixation (Savitch et al. 1996)
in response to imbalances in cellular energy flow.

Photosynthetic organisms are subjected to short-term
variations in the light environment due to changes in cloud
and canopy cover, as well as long-term diurnal and seasonal
changes in photoperiod. However, previous studies on accli-
mation to EEE in C. vulgaris have been conducted under
constant illumination (Maxwell et al. 1994, 1995a; Wilson
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and Hiiner 2000; Wilson et al. 2003; Hollis and Hiiner
2017). In addition to redox retrograde regulation (Escoubas
et al. 1995; Maxwell et al. 1995b; Chory and Wu 2001; Chen
et al. 2004; Koussevitzky et al. 2007; Dietz 2008; Dietz et al.
2016), the major nuclear-encoded light-harvesting complex
genes have additionally been demonstrated to be regulated
by other factors including the circadian clock (Millar et al.
1995; Rochaix 2014). In fact, recently a link between the cir-
cadian clock (McClung 2006) and the redox state of plants
has been proposed (Guadagno et al. 2018). To determine the
effects of changes in photoperiod on acclimation to EEE,
cultures of C. vulgaris were grown at a constant temperature
of 28 °C at either continuous LL (150 pmol photons m~>
s™!) or continuous HL growth regime at 2000 umol pho-
tons m~2 s~! (Maxwell et al. 1994, 1995a) with decreasing
photoperiods.

We predicted that during growth and development under
alternating light:dark cycles, PSII excitation pressure should
relax during the daily dark period as the absence of light
will negate the accumulation of closed PSII reaction centres.
We hypothesized that if the redox status of the PETC is the
sole regulator of photoacclimation, and therefore, the HL.
phenotype, cultures of C. vulgaris should photoacclimate in
response to the steady-state redox status of the PETC during
the light period regardless of the length of the photoperiod.
Contrary to our hypothesis, we show that photoacclima-
tion in C. vulgaris is dependent upon both photoperiod and
photosynthetic redox state. We report that the extension
of a dark period from O to 12 h generates a dark-green LL
phenotype in C. vulgaris even though excitation pressure
did not relax but remained high. The apparent uncoupling
between the chloroplast redox signal and the cell phenotype
is discussed.

Materials and methods
Culture conditions

Cultures of Chlorella vulgaris Beijerinck (UTEX 265) were
grown axenically in Bold’s basal media (Nichols and Bold,
1965) modified according to Maxwell et al. (1994). Cultures
were grown in 400 mL capacity Photobioreactor cultiva-
tion vessels (FMT 150) which were maintained at a constant
temperature of 28 °C and light intensities of either 150 or
2000 pmol photons m~2 s~! supplied by an equal combina-
tion of red and blue light emitting diodes as described previ-
ously (Hollis and Hiiner 2017). Cultures were grown under
continuous light (24 h photoperiod), an 18 h photoperiod or
12 h photoperiod in a 24 h cycle at both light intensities. The
temperature and photoperiod regimes were maintained by
the Photobioreactor control system (Photon System Instru-
ments, Hogrova, Czech Republic) (Hollis and Hiiner 2017).
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Chlorophyll content

Total chlorophyll content and the chlorophyll a/b ratio were
calculated as previously described (Maxwell et al. 1994).
Pigments were extracted in 90% acetone (v/v) using a Mini-
beadbeater (BioSpec, Bartleville, USA) and chlorophyll
content was calculated according to the equations of Jeffrey
and Humphrey (1975). To determine the chlorophyll content
on a per cell basis, cells were counted using a PhytoCyt
flow cytometer (C6) with C-Plus data acquisition software
(Turner Designs, Sunnyvale, USA). For cultures grown
under continuous light, measurements were taken during
mid-log phase. For cultures grown under a photoperiod,
measurements were taken immediately following the start
of the light period during mid-log phase growth.

Measurements of oxygen evolution

Measurements of oxygen evolution and consumption were
performed on 1.5 mL of stirred samples at 28 °C in the pres-
ence of 5 mM NaHCO;. Measurements were performed
using a DW2 oxygen electrode with a LHI1/R light probe
controlled by the OxyLab control unit and data were col-
lected using the OxyLab 32 v.1.15 software (Hansatech
Instruments, King’s Lynn, UK) at a series of light intensities
between 0 and 600 pumol photons m~2 s~!. Photosynthetic
rates were normalized on a per cell basis. For all photoperi-
ods, measurements were taken within 2 h of the start of the
light period in mid-log phase cells.

SDS-PAGE and immunoblotting

Samples were collected during mid-log phase immediately
following the start of a light period, centrifuged at 5000xg
for 5 min at 4 °C, frozen with liquid nitrogen and stored at
—80 °C. For cultures grown under continuous light, samples
were collected during mid-log phase. For cultures grown
under a photoperiod, samples were collected immediately
following the end of a dark period during mid-log phase.
Total protein was extracted with 90% (v/v/) acetone using a
Mini-beadbeater (BioSpec, Bartlesville, USA) and pelleted
by centrifugation at 16, 100xg for 5 min at 5 °C. The pellet
containing the total polypeptide was solubilized with 4%
(v/v) solubilization buffer [60 mM Tris—HCI (pH 6.8), 1%
(v/v) glycerol and 4% (w/v) sodium dodecyl sulfate] at 37 °C
to a 1:4 ratio of protein:sodium dodecyl sulfate. Protein con-
centration was determined using a Pierce BCA protein assay
system (Thermo Scientific, Rockford, USA).

Prior to electrophoresis, samples containing 20 pg of
protein were mixed with an equal volume of loading dye
[2% (v/v) B-mercaptoethanol, 13% (v/v) glycerol and 0.5%
(w/v) bromophenol blue, 1% (w/v) DTT], heated at 80 °C
for 4 min before centrifugation at 16,100xg for 1 min to
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remove any unsolubilized debris. Electrophoresis was per-
formed using the discontinuous buffer system of Laemmli
(1970) with a 5% (w/v) stacking gel and a 15% (w/v) resolv-
ing gel containing 6 M urea for 3 h at 75 V. The separated
polypeptides were either stained with Coomassie blue [0.2%
(w/v) Coomassie blue, 50% (v/v) methanol, 7% (v/v) acetic
acid] at room temperature overnight or electrophoretically
transferred to a nitrocellulose membrane (Bio-Rad, Her-
cules, USA) at 5 °C for 1 h at 100 V. The nitrocellulose
membranes were then blocked in Block buffer [Tris buffered
saline (20 mM Tris (pH 7.5), 150 mM NaCl), 5% (w/v) milk
powder, 0.01% (v/v) Tween 20] overnight at 5 °C before
being probed with one of the following polyclonal primary
antibodies from Agrisera (Viannis, Sweden): Lhca2 (1:2000
dilution), Lheb2 (1:5000 dilution), PHYA (1:10,000), PIF3
(1:10,000 dilution), psaB (1:4000 dilution) and psbA
(1:10,000 dilution); as well as Rubisco (1:5000 dilution),
which was generated by NPAH. Following incubation with
horseradish peroxidase-conjugated secondary antibodies
(Sigma, St. Louis, USA; 1:2000 dilution) the antibody—pro-
tein complexes were visualized with the Amersham Bio-
sciences enhanced chemiluminescence detection system
(GE Healthcare, Little Chalfont, UK) and X-ray film (Fugi
Film, Tokyo, Japan). The density of each band was quanti-
fied using ImagelJ software v1.45 (http://rsbweb.nih.gov/ij/
download.html) following the instructions provided by the
manufacturer to determine relative changes in polypeptides
abundance.

Room temperature chlorophyll a fluorescence
induction

Chlorophyll a fluorescence induction measurements were
performed on cells placed in a temperature controlled stirred
cuvette using XE-PAM fluorometer (XE-PAM GDEBO0146;
Heinz Walz, Effeltrich, Germany) with an optical unit (ED-
101US/M), a photodiode detector unit (XE-PD) and a PAM
data acquisition system (PDA-100). Temperature was main-
tained at 28 °C through the use of a temperature control unit
(US-T/R). Steady-state fluorescence parameters were deter-
mined by irradiating the sample with actinic light adjusted
to the growth irradiance with a saturating pulse (2600 umol
photons m~2 s~!, 800 ms) applied every 30 s for 5 min. For
cultures grown under continuous light (CL) measurements
were taken during mid-log phase. For cultures grown under
a specific photoperiod, measurements were taken on mid-log
phase cells immediately following the end of a dark period.

Excitation pressure was calculated as 1 —qP=(Fg—F")/
(Fy' = Fo') and was used as an estimation of the redox state
of the intersystem PETC (van Kooten and Snell 1990) where
1 — gP estimates the proportion of closed PSII reaction cen-
tres. Partitioning of absorbed light energy was calculated
where photons absorbed by the PSII antenna allocated to

PSII photochemistry and photosynthetic electron transport
was calculated as @pg =1 —F¢/F), regulated ApH- and/
or xanthophyll-dependent nonphotochemical quench-
ing (NPQ) within the PSII antenna was calculated as
Dnpo=Fs/Fyy — Fs/Fy and the non-regulated, constitutive
nonphotochemical energy dissipation (f, d) was calculated
as @;,=F¢/Fy (Hendrickson et al. 2004).

Statistical analysis

A two-way analysis of variance (ANOVA) was conducted
with irradiance and photoperiod as explanatory variables
followed by a Tukey’s honest significant difference (HSD)
multiple compression post hoc test to determine overlap-
ping means. If an insignificant interaction term between irra-
diance and photoperiod was determined, the main effects
of each of the factors were examined. Data were visually
inspected for normality and homogeneity of variance. If
equality of variance was not determined, the data were log
transformed to achieve equal variance; the log-transformed
data were inspected for normality and equal variance. Chlo-
rophyll a/b ratios were log transformed as log(chlorophyll
a) —log(chlorophyll b) prior to statistical analysis. For sta-
tistical evaluation of energy partitioning, ®yp, Was omitted
as all values for one group were close to zero and the values
for energy partitioning were sum constrained. A value of
0.05 was considered significant throughout. All statistical
analysis was conducted using the statistical software pack-
age R version 3.0.2.

Results
Effect of photoperiod on phenotype

During growth at 28/150 (°C/umol photons m~2 s7!), C.
vulgaris developed a typical dark green LL phenotype
regardless of photoperiod (Fig. 1a—c). Cells of C. vulgaris
exhibited a typical yellow—green HL phenotype when grown
at 28/2000 under continuous light (CL; 24L:0D) (Fig. 1d).
Despite the introduction of a 6 h dark period, C. vulgaris
grown at 28/2000 under an 18 h photoperiod (18L:6D) still
exhibited a comparable yellow—green phenotype visually
indistinguishable from cells grown at 28/2000 under CL
(Fig. 1, compare d and e). However, the introduction of a
12 h dark period (12L:12D) caused C. vulgaris cells grown
under HL to exhibit a dark green phenotype indistinguish-
able from LL-grown cells (Fig. 1; compare a, b and c—f).

Effect of photoperiod on excitation pressure

Figure 2 shows representative room temperature Chl a fluo-
rescence induction traces for cells of C. vulgaris grown at
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Fig. 1 Representative pheno-
type for cultures of C. vulgaris
grown at 28 °C/150 pmol
photons m~2 s~! and

28 °C/2000 pmol photons
m~2s~! under either 24 h, 18 h
and 12 h photoperiods. Pheno-
type was assayed immediately
following the end of a dark
period during mid-log phase
growth. a 28/150 24L:0D,

b 28/150 18L:6D, ¢ 28/150
12L.:12D, d 28/2000 24L:0D,
e 28/2000 18L:6D, f28/2000
12L:12D where values represent
temperature (°C)/irradiance
(umol photons m~2 s™1) with
length of light (L) and dark
period (D) in a 24 h cycle

28/150 and 28/2000 under either CL, an 18 h photoperiod
(18L:6D) or 12 h photoperiod (12L:12D). Excitation pres-
sure was measured in vivo using the Chl a fluorescence
parameter 1 —qP where 1 — P estimates the proportion of
closed PSII reaction centres (P680" Pheo Q3) (Dietz et al.
1985, Hiiner et al. 1998). Cells of C. vulgaris grown at
28/15;0 exhibited comparable steady-state 1 —qP values of
0.22-0.27 during the light period which were approximately
threefold lower than the steady-state of 1 —qP values of
0.69-0.82 exhibited by C. vulgaris grown at 28/2000 (irra-
diance, p <0.0001, Tables 1, 2); however, within a growth
light regime, there were no differences in 1 —qP across the
various photoperiods. Therefore, when compared at the
same photoperiod, C. vulgaris grown at 28/150 exhibited a
relatively low PSII excitation pressure during the daily light
period relative to cells grown at 28/2000. The length of the
dark period had minimal effects on 1 — P experienced dur-
ing the day (Table 1).
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At 28/150, typical fluorescence induction for C. vulgaris
grown under 18 h and 12 h photoperiods closely resembled
the fluorescence induction pattern characteristic of cells
grown at 28/150 under CL (Fig. 2a—c). However, typical
Chl a fluorescence induction traces for cells grown under
CL at 28/2000 were characterized by an initial, but tran-
sient, quenching of the fluorescence signal below F, upon
illumination by the actinic light, followed by a slow rise of
Fg during illumination with the actinic light to a steady-state
level (F,) accompanied by an almost complete quenching
of F; relative to cells grown under CL but 28/150 (Fig. 2,
compare a—d). At 28/2000, fluorescence induction of cells
grown under an 18 h photoperiod resembled the induction
pattern characteristic of C. vulgaris grown at 28/2000 under
CL (Fig. 2d, e). However, the introduction of a 12 h dark
period at 28/2000 caused the initial, transient quenching of
the fluorescence signal to disappear and the kinetics for the
rise in Fg to more closely resemble the induction pattern
characteristic of cells grown at 28/150 (Fig. 2, compare a,
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Fig.2 Representative room temperature chlorophyll a fluorescence
induction curves for C. vulgaris grown at 28 °C/150 umol pho-
tons m~2 s~' and 28 °C/2000 umol photons m~2 s~! with 24 h, 18 h
and 12 h light periods in a 24 h cycle. a 28/150 24L:0D, b 28/150
18L:6D, ¢ 28/150 12L:12D, d 28/2000 24L:0D, e 28/2000 18L:6D

b and c—f); furthermore, the extent of the quenching of Fy
appeared to be less severe than that of C. vulgaris at grown
at 28/2000 under either CL or an 18 h photoperiod (Fig. 2e).

0 50 100 150 200 250 300 350

and f 28/2000 12L:12D where values indicate growth temperature
(°C)/irradiance (umol photons m~2 s7') and the length of light (L)
and dark (D) periods in a 24 h cycle. AL actinic light, ML measuring
light, SP saturating pulse

However, Fy, for cells grown at 28/2000 and a 12 h photo-
period was still quenched relative to that observed for LL
cells irrespective of photoperiod (Fig. 2).
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Table 1 Chlorophyll
characteristics and steady-state
chlorophyll a fluorescence for
cultures of C. vulgaris grown
at 28 °C/150 pmol photons

m~2 s~ and 28 °C/2000 umol
photons m™2 s~! with 24 h, 18 h
and 12 h photoperiods

Growth regime

28/150 28/2000

24L:0D 18L:6D 12L:12D 24L:0D 18L:6D 12L:12D
FylFy, 0.67+0.05*  0.63+0.03* 0.64+0.04* 0.68+0.06* 0.59+0.05* 0.59+0.07
Chl a/b 297+0.18° 3.11+0.44° 335+0.16° 6.36+0.54*° 5.82+0.53* 3.17+0.28"
fg Chl/cell 37577 328 +67° 338 +64° 180+53° 126+27° 300+ 15°
1-qP 0.22+0.02°  025+0.03° 027+0.03° 0.69+0.01* 0.82+0.02° 0.80+0.04

Numbers under growth regime indicate growth temperature (°C)/irradiance (umol photons m~2 s!) and
the length of the light (L) and dark (D) periods in a 24 h cycle. Values represent mean + SEM; n=3 expect
Chl a/b where n=5. Means were compared using a two-way ANOVA followed by a Tukey’s HSD post hoc
test; means not connected by the same letter are statistically different (p <0.05)

1 - gP photosystem II excitation pressure, Chl chlorophyll, F',/F,, photosystem II photochemical efficiency

Table 2 Results for statistical analysis (two-way ANOVA) for C. vulgaris grown at 150 and 2000 umol photons m~2 s~! under either a 24 h, 18 h

or 12 h photoperiod at 28 °C

Response variable Source of vari- Result Conclusion (Tukey’s HSD post hoc test)

ation
1-qP I F1,1,=99.9, p<0.0001 LL<HL

PP F,,1,=3.7,p=0.0563

I x PP F,,1,=14,p=0.283
Chl a/b I F,,,=39.6, p<0.0001

PP Fy,,,=6.9,p=0.00,413

I x PP F,,,,=13.3, p=0.0001 LL24 h=LL18 h=LL12h=HL12 h<HL24 h=HLI18 h
Chl cell™! I F,1,=36.1, p<0.0001

PP F5,1,=5.0,p=0.0263

I x PP F5,1,=4.6,p F,,1,=4.6,p=0.0324 HL24 h=HL18 h<LL24 h=LL18 h=LL12h=HL12h
FylFy I Fy,,=4.5,p=0.0556

PP Fy,1,=12,p F,,=1.3,p=0.325

I x PP Fy,1,=0.2,p=0.797
Dpsit I F,,1,=155.2, p<0.0001 HL<LL

PP F,,1,=22,p=0.160

I x PP F,,1,=0.717, p=0.508
Dy I F,,1,=174,p=0.0188 LL<HL

PP F,,,=4.5,p=0.0350 24h=12h<18h

I x PP F,,,=1.7,p=0.220
Pypiax I Fi,1,=21.1, p=0.0006

PP F,,,=24.3, p<0.0001

I x PP F,,1,=74, p=0.008 HL24 h=HL18 h<LL24 h=LL18 h=LL12h=HL12h
Slope I F,,,=25.6, p=0.0003

PP F,,;,=16.3, p=0.0004

I x PP F,,1,=4.3,p=0.0391 HL24 h=HL18 h<LL24 h=LL18 h=LL12h=HLI12h
Respiration I F,1,=02,p=0.694

PP F,,1,=2.0,p=0.173

I x PP F,,1,=09,p=0.439

n=3; expect Chl a/b where n=>5

1, irradiance; PP, photoperiod; HL, high light, HL24 h, HL18 h and HL12 h; high light with 24 h, 18 h and 12 h photoperiod, respectively; LL,

low light; LL24 h, LL18 h and LL12 h, low light with 24 h, 18 h and 12 h photoperiod, respectively
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Effect of photoperiod of Chl content

Consistent with the dark green phenotype, cells of C. vul-
garis grown at LL (28/150) exhibited comparably low
Chl a/b ratios of 2.97-3.35 across all photoperiods (irra-
diance X photoperiod, p =0.0001, Tukey’s HSD p > 0.05,
Tables 1, 2). Similarly, consistent with the yellow—green
HL phenotype, cells grown at 28/2000 under either CL or
an 18 h photoperiod exhibited twofold higher Chl a/b ratios
of 6.36 and 5.82, respectively, relative to LL grown cells
(Tukey’s HSD p <0.05, Tables 1, 2).

Compared to HL cells grown at 28/2000 under either
CL or an 18 h photoperiod, C. vulgaris grown at HL but
a 12 h photoperiod exhibited a twofold lower Chl a/b ratio
(3.17) (Tukey’s HSD p <0.05, Table 2) despite growth and
development at HL (Table 1); furthermore, the Chl a/b ratio
exhibited by HL cells grown at 28/2000 under a 12 h pho-
toperiod was similar to that of cells grown at LL (Tukey’s
HSD p>0.05, Table 2).

A similar pattern for the effect of photoperiod was
obtained for total cellular Chl content (irradiance X photo-
period, p=0.0234, Tables 1, 2). Cells of C. vulgaris grown
either at LL or HL with a 12 h photoperiod exhibited Chl
contents that were approximately twofold higher (Tukey’s
HSD p <0.05, Table 2) relative to HL cells grown at 28/2000
under either CL or an 18 h photoperiod (Table 1). These
trends remained consistent irrespective of whether samples
were taken at the start or end of the light period (Supp. Fig.
S1). At 28/2000, when the photoperiod was increased above
12 h to either a 14 h or 16 h photoperiod the values obtained
for the Chl a/b ratio, a proxy for phenotype, never yielded a
clear pattern (Supp. Table S1); only when the photoperiod
was increased to an 18 h light period did the phenotypic
response become reproducible. Thus, the presence of the
dark-green, LL phenotype, with concomitantly low Chl a/b
ratio and high cellular Chl content, in C. vulgaris grown at
HL but a 12 h photoperiod indicated an “uncoupling” of
daytime PSII excitation pressure (Table 1) and the predicted
phenotype.

Effect of photoperiod on polypeptide accumulation

The relative abundance of the representative light-harvesting
complex polypeptide of PSII, Lhcb2, remained compara-
ble across all photoperiods in C. vulgaris grown at LL at
28/150 (Fig. 3). The marked increase in the Chl a/b ratio
in HL cells grown at 28/2000 under either CL or an 18 h
photoperiod was reflected in an approximately 40% lower
Lhcb2 polypeptide abundance relative to LL cells grown at
all photoperiods (Fig. 3 and Table 1). In contrast, the low
Chl a/b ratio in C. vulgaris grown at HL but a 12 h photo-
period was reflected in an approximately 30% increase in

1197
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@) a
g g = g g =
= 2 = 3 S
(q\] — — o — —
Lhea? e S mm — — —
Lhcb2
PsaB e e cm— o c—— ———
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Fig.3 Change in polypeptide abundance for cultures of C. vulgaris
grown at low excitation pressure (LEP) at 28 °C/150 umol photons
m~2 s~! and high excitation pressure (HEP) at 28 °C/2000 umol pho-
tons m~2 s~! with 24 h, 18 h and 12 h light periods in a 24 h cycle.
Numbers above the immunoblots indicate growth temperature (°C)/
irradiance (umol photons m~2 s™!) followed by the length of light (L)
and dark (D) periods in a 24 h cycle. a Representative immunoblots
against LHCI (Lhca2), LHCII (Lhcb2), PSI reaction centre polypep-
tide (PsaB), D1 polypeptide of PSII (PsbA), phytochrome A (PhyA),
phytochrome interacting factor 3 (PIF3), and the large subunit of
Rubisco (RbcL). b Representative Coomassie Brilliant Blue stained
gel showing separated polypeptides; each lane was loaded with 20 ug
of protein

Lhcb2 abundance relative to HL cells under either CL or an
18 h photoperiod (Fig. 3 and Table 1).

The abundance of the representative light harvesting
polypeptide of PSI, Lhca2, followed a similar trend to that
of Lheb2 (Fig. 3). The abundance of Lhca2 was compara-
ble across all photoperiods for LL cells, whereas HL cells
grown under either CL or an 18 h photoperiod exhibited
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approximately 43% and 61% decreases in Lhca2 abundance,
respectively (Fig. 3). In contrast, Lhca2 abundance increased
2.5-fold during growth at 28/2000 but a 12 h photoperiod
relative to cells grown at HL under either CL or an 18 h pho-
toperiod (Fig. 3). Thus, C. vulgaris displayed a dark green
phenotype at 28/150 which was mimicked by growth at HL
but a 12 h photoperiod (Fig. 1). Concomitantly, these cells
grown at HL but a 12 h photoperiod exhibited increases in
Lhcb2 and Lhca?2 polypeptide abundance relative to the yel-
low—green cells grown at HL under either CL or an 18 h
photoperiod (Fig. 3).

While photoperiod did not affect the relative abundance
of the representative PSII reaction centre polypeptide PsbA
in cells grown at 28/150, PsbA levels were sensitive to pho-
toperiod as a consequence of growth at HL and decreased by
up to 45% with decreasing photoperiod at 28/2000; moreo-
ver, when compared at the same photoperiod, LL cells had
a relatively greater abundance of PsbA polypeptides rela-
tive to HL cells (Fig. 3). However, minimal changes in the
abundance of either PsaB, a representative PSI reaction
centre polypeptide, or RbcL, the large-subunit of Rubisco,
were detected regardless of growth PDF and photoperiod
(Fig. 3). This indicated that not all plastid-localized polypep-
tides changed in abundance during growth and development
under varying photoperiods in C. vulgaris.

Light quality perception mediated by light-sensitive pho-
toreceptors such as phytochromes is critical for the genera-
tion of “biogenic” signals involved in photomorphogenesis
(Pogson et al. 2008; Pogson and Albrecht 2011; Casal 2013;
Kianianmomeni and Hallmann 2014). To assess the impact
of the redox status of the PETC and photoperiod on compo-
nents of phytochrome signalling the levels of phytochrome
A (PHYA) and the phytochrome-interacting factor 3 (PIF3)
were assessed (Fig. 3). There was a twofold decrease in the
abundance of PIF3 in cells exposed to the 12 h photoperiod
in both LL and HL cells as well as a threefold decrease in
PHYA at the 12 h photoperiod in HL grown cells (Fig. 3).

Effect of photoperiod on PSII functionality

All cultures exhibited comparable maximum PSII photo-
chemical efficiencies, as measured by Fy/F,, (Table 1) (irra-
diance, p =0.0556; photoperiod p =0.325, Table 2), indicat-
ing that none of the cultures were photoinhibited. Figure 4
demonstrates the response of excitation pressure, estimated
as 1 —gP, to increased measuring PFD. In all cultures, 1 —qP
increased with increasing irradiance reflecting the closure of
PSII reaction centres (Fig. 4). The maximum initial slope of
the light response curves in Fig. 4 estimates of the number
of photons required to convert an open PSII reaction centre
(P680 Pheo Q,) to a closed reaction centre (P680* Pheo
Q). providing an estimate of the quantum requirement for
PSII closure. The quantum requirement to close 50% of PSII
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Fig.4 Excitation pressure light responses curves for C. vulgaris
grown at low excitation pressure (LEP; 28 °C/150 umol photons
m~2 s7") and high excitation pressure (HEP; 28 °C/2000 pmol pho-
tons m~2 s™!) under: a continuous light (24L:0D), b 18 h photoperiod
(18L:6D) or, ¢ 12 h (12L:12D) photoperiod. Closed symbols repre-
sent LEP cells. Open symbols represent HEP cells. Numbers in the
legends indicate temperature (°C)/irradiance (umol photons m2s7h
and the length of the light (L) and dark (D) periods in a 24 h cycle.
Values represent mean + SEM; n=3

reaction centres in LL was about 574, 432 and 491 for the
24 h, 18 h and 12 h photoperiods, respectively (Fig. 4). The
quantum requirement increased to approximately 700, 612
and 725 for HL C. vulgaris grown at either CL, a 18 h pho-
toperiod or a 12 h photoperiod, respectively. The 22-48%
increase in the quantum requirement for PSII closure for HL
cells grown at 28/2000 relative to LL cells grown at 28/150
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Fig.5 Proportion of absorbed light energy consumed through photo-
system II photochemistry (@pg;) (dark gray), fluorescence and con-
stitutive thermal dissipation (9;,) (gray) and xanthophyll-dependent

thermal dissipation (@ypqg) (white) during steady-state photosynthe-

sis for C. vulgaris grown at 28 °C/150 umol photons m~2 s7! and

28 °C/2000 pmol photons m™~2 s~! with 24 h, 18 h and 12 h light peri-
ods in a 24 h cycle. Numbers under bars indicate temperature (°C)/
irradiance (umol photons m~2 s7!) and the length of the light (L) and
dark (D) periods in a 24 h cycle. Values represent mean+SEM; n=3

but the same photoperiod reflects a decreased probability
of reaction centre closure in cells grown at HL regardless
of photoperiod.

HL cells of C. vulgaris grown at 28/2000 exhibited an
approximately fourfold reduction in @pgy; (Fig. 5, black bars)
(irradiance, p <0.0001, Table 2) as well as an increase in
the capacity to dissipate excess energy through regulated
thermal dissipation through nonphotochemical quenching
((DNPQ) (Fig. 5, white bars). Furthermore, cells grown under
HL exhibited a significantly higher capacity for energy
dissipation through constitutive quenching (irradiance,
p=0.0188, Table 2) ((15ﬁd) (Fig. 5, grey bars). When com-
pared at the same photoperiod, C. vulgaris grown at HL
under a 12 h photoperiod exhibited a 25% increase in the
capacity for energy dissipation through constitutive quench-
ing relative to cells grown at LL and the same photoperiod
(@) (Fig. 5). Therefore, while cells grown at HL under a
12 h photoperiod were similar to cells grown at LL in terms
of pigmentation (Fig. 2), cellular Chl content (Table 1) and
Lhcb?2 levels (Fig. 3), they differed in the capacity for energy
partitioning and more closely resembled cells grown at HL
under either CL or an 18 h photoperiod (Fig. 5).
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Fig.6 Oxygen evolution light response curves for C. vulgaris grown
at low excitation pressure (LEP) at 28 °C/150 pmol photons m=2 s~
and high excitation pressure (HEP) at 28 °C/2000 pmol photons
m~2 s~ under: a continuous light (CL; 24L:0D), b 18 h photoperiod
(18L:6D) or, ¢ 12 h photoperiod (12L:12D). Measurements presented
are for gross oxygen evolution. Numbers in the legends indicate tem-
perature (°C)/irradiance (umol photons m™2 s!) and the length of
the light (L) and dark (D) periods in a 24 h cycle. Values represent
mean + SEM; n=3 (where not visible, error bars are smaller than the
symbol)

Effect of photoperiod on oxygen evolution

When grown under CL, the dark green LL cells of C. vul-
garis grown at 28/150 (Fig. 6a, closed symbols) exhibited
an approximately 2.5-fold higher maximum, light-satu-
rated rate of oxygen evolution relative to the yellow—green
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HL cells grown at CL but 28/2000 (Fig. 6a, open sym-
bols) (irradiance X photoperiod, p =0.008, Tukey’s HSD
p=0.010, Table 2). Similar results were observed for cells
grown at either LL or HL but an 18 h photoperiod (Tukey’s
HSD=0.012, Table 2, Fig. 6b). However, under a 12 h pho-
toperiod, C. vulgaris grown at 28/2000 exhibited comparable
light-saturated rates of oxygen evolution relative to LL cells
grown at 28/150 (Tukey’s HSD p=0.99, Table 2, Fig. 6¢).

A similar trend for the effect of photoperiod on photosyn-
thetic efficiency, calculated as the maximum initial slopes of
the light response curves for oxygen evolution in Fig. 6a—c,
was measured (irradiance X photoperiod, p=0.039, Table 2).
Photosynthetic efficiency was twofold higher in LL cells
of C. vulgaris grown at 28/150 under either CL or an 18 h
photoperiod relative to HL cells grown at 28/2000 under
either CL (Tukey’s HSD p=0.034, Table 2) or an 18 h pho-
toperiod, respectively (Tukey’s HSD p=0.0026), Table 2,
Fig. 6a, b). Although photosynthetic efficiency tended to be
higher in LL-grown than HL-grown cells under a 12 h pho-
toperiod (Fig. 6¢), this difference was not statistically dif-
ferent (Tukey’s HSD p=0.425, Table 2). However, neither
growth PFD nor photoperiod significantly affected the rate
of dark respiration (Table 3) (irradiance, p =0.694; photo-
period, p=0.173, Table 2).

Discussion

LHCII polypeptide abundance has been demonstrated to be
reduced to a similar extent by either continuous HL (Suke-
nik et al. 1987, 1988; Melis 1991; Tanaka and Melis 1997,
Falkowksi and Chen 2003; Matsuda et al. 2003; Chen et al.
2004), low temperature (Maxwell et al. 1994, 1995a, b;
Escoubas et al. 1995; Krdl et al. 1997; Wilson et al. 2003)
or DBMIB (Escoubas et al. 1995; Wilson et al. 2003; Bode
et al. 2016) in plants and green algae. Based on these find-
ings, it was concluded that LHCII accumulation is regulated

by the redox state of the intersystem electron transport chain,
measured by PSII excitation pressure, as opposed to light
or temperature per se under steady illumination in green
algae (Maxwell et al. 1994; Hiiner et al. 1998; Wilson et al.
2003; Ensminger et al. 2006). These results are supported
by the work of Walters and colleagues who demonstrated
that photoacclimation of the photosynthetic apparatus of A.
thaliana to changes in PFD occurs independently of sensing
and signalling pathways mediated by photoreceptors in A.
thaliana (Walters et al. 1999).

When cells were grown at LL, the duration of the daily
photoperiod did not appear to influence the photoacclimation
response in C. vulgaris. LL cells grown under either an 18 h
photoperiod or 12 h photoperiod exhibited the dark green
pigmentation (Fig. 1), high Chl per cell as well as low Chl
alb (Table 1) with concomitantly high LHCII abundance
(Fig. 3) typical of cells acclimated under continuous LL and
low excitation pressure. We suggest that despite the intro-
duction of a dark period during growth and development at
LL, PSII antenna size, as well as the associated phenotype
appear to be insensitive to photoperiod.

In contrast, the length of the photoperiod had a distinct
effect on the apparent PSII antenna size as measured by Chl
and LHCII abundance as well as photosynthetic efficiency
during growth at HL. Cells of C. vulgaris grown at HL
under a 12 h photoperiod exhibited the dark-green pheno-
typic response (Fig. 1f) typical of growth and development
under LL and displayed a characteristically high cellular Chl
content per cell and low Chl a/b ratio (Table 1). However,
since exposure of cells grown under CL at 28/2000 exhibited
no consistent pattern when exposed to either a 14 hor 16 h
photoperiod, we suggest that the lack of a consistent pattern
in either Chl accumulation or Chl a/b ratios may indicate
a photoperiod threshold to the photoacclimation response
somewhere between the 18 h and 12 h photoperiod for cells
grown under HL.

Table 3 Oxygen evolution Growth regime

for C. vulgaris grown at

28 °C/150 pmol photons 28/150 28/2000

m~2 s~" and 28 °C/2000 umol

photons m™ s with 24 h, 18 h 24L:0D 18L:6D 12L:12D 24L:0D 18L:6D 12L:12D

and 12 h photoperiods Pyax  9.80+093 8954128  9.19+132%  406+036°  3.17+045°  9.80+0.95"
Slope ~ 0.04+0.002*  0.05+0.006° 0.05+0.003  0.02+0.007°  0.02+0.002°  0.05+0.006"
Resp.  1.69+042°  154+039°  1.66+0.50° 096+024°  1.11+032"  1.88+0.19"

Numbers under growth regime indicate growth temperature (°C)/irradiance (umol photons m~2 s!) and
the length of the light (L) and dark (D) periods in a 24 h cycle. Values represent mean + SEM; n=3. Means
were compared using a two-way ANOVA followed by Tukey’s HSD test; means not connected by the same
letter are statistically different (p <0.05)

Pyiax» Photosynthetic capacity [umol O, evolved (107 cells]™' h™'); Resp., dark respiration [umol O, con-
sumed (107 cells)™! h™!]; Slope, initial slope or photosynthetic efficiency [umol O, (107 cells)~! (umol pho-

tons m~2 s~
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Despite the introduction of a 6 h dark period, HL cells
of C. vulgaris grown at 28/2000 exhibited the yellow—green
pigmentation (Fig. 1e), low Chl per cell and high Chl a/b
(Table 1) with concomitantly reduced LHCII abundance
(Fig. 3) as well as reduced photosynthetic capacity and effi-
ciency (Fig. 6b) typical of cells acclimated to continuous
HL. This indicates that cells of C. vulgaris grown at 28/2000
under an 18 h photoperiod both structurally and function-
ally mimic C. vulgaris photoacclimated to continuous HL.
Although the introduction of a dark period should relax exci-
tation pressure due to the absence of light energy required
to close PSII reaction centres, these cells appear to remain
locked in a HL-acclimated state despite the 6 h of darkness.
Similarly, Post et al. (1984) demonstrated that photoacclima-
tion in the cells of the diatom Thalassiosira weisflogii did
not respond to the daily 12 h photoperiod as the cells did
not photoacclimate in response to darkness; rather photoac-
climation was correlated with the average PFD during the
light period. These results are consistent with our recent
report which showed that the relaxation of excitation pres-
sure in C. vulgaris is light-dependent with an optimal PFD
of 110 pmol photons m~2 s~! (Hollis and Hiiner 2017).

Based on phenotype (Fig. 1), Chl content (Table 1),
LHCII abundance (Fig. 3), as well as light response curves
for O, evolution (Fig. 6), we conclude that C. vulgaris grown
at HL and a 12 h photoperiod are both structurally and func-
tionally comparable to cells grown at LL. However, with
respect to energy partitioning (Fig. 5), cells grown under HL
with a 12 h photoperiod were similar to HL cells. Surpris-
ingly, HL cells grown under a 12 h photoperiod appeared
to mimic, for the most part, the responses characteristic of
photoacclimation to LL despite exposure to HL and high
excitation pressure measured as 1 — qP. Thus, it appears that
the regulation of phenotype in C. vulgaris UTEX 265 can
be “uncoupled” from the relative redox state of the PETC
by the duration of the photoperiod in HL-grown cells. Con-
sequently, the redox state of the PETC cannot be the sole
determinate of the HL phenotype and photoacclimation in
C. vulgaris during growth and development under variable
photoperiods. Contrary to previous reports that assume that
excitation pressure alone governs photoacclimation in C.
vulgaris (Maxwell et al. 1994, 1995a, b; Hiiner et al. 1998;
Wilson and Hiiner 2000; Wilson et al. 2003; Hiiner et al.
2012), we conclude that photoacclimation in C. vulgaris to
HL must be both redox- and photoperiod-dependent.

Cells grown at 28/2000 are exposed to approximately
13-times more total photons during the 12 h light period
relative to cells grown at 28/150 during a 12 h light period.
Therefore, a mechanism must be in place to provide protec-
tion from the potential photodamage associated with pro-
longed exposure to high light. Normally, exposure to high
light elicits short-term photoprotective mechanisms includ-
ing the induction of the xanthophyll cycle that protect against

photodamage of the photosynthetic apparatus by decreasing
the efficiency of light energy transfer (Demmig-Adams and
Adams III 2000; Demmig-Adams et al. 2012, 2014). Con-
sistently, despite the phenotypic similarities to LL cells, C.
vulgaris grown under HL and a 12 h photoperiod exhibit
an 80% increase in @ypq and a fourfold reduction in Ppgyy
relative to cells grown at 28/150 irrespective of photoperiod
(Fig. 5). Quenching of absorbed light energy through the
xanthophyll cycle is considered to be the primary, inducible
process contributing to photoprotection through nonphoto-
chemical dissipation of excess light energy (Demmig-Adams
and Adams 1992, 2000; Demmig-Adams et al. 2012, 2014;
Stewart et al. 2015). Low lumenal pH results in the conver-
sion of violaxanthin to zeaxanthin, the presence of which
allows for thermal dissipation of excess excitation energy
(Demmig-Adams et al. 2012; Gilmore and Yamamoto 1993).
C. vulgaris grown at 28/2000 under a 12 h photoperiod also
exhibits the greatest increase in the capacity for constitu-
tive thermal dissipation (&;,) (Fig. 5). The mechanism for
non-regulated constitutive quenching of excitation energy
remains equivocal but it may reflect either the different pro-
posed sites for antenna quenching (Jahns and Holzwarth
2012; Derks et al. 2015) or alternatively, may reflect PSII
reaction centre quenching (Ivanov et al. 2003; Hiiner et al.
2005; Sane et al. 2012). Therefore, C. vulgaris grown at HL
and a 12 h photoperiod appears to represent an anomaly.
Although the structure of the photosynthetic apparatus of C.
vulgaris at grown 28/2000 under a 12 h photoperiod mimics
LL cells grown at 28/150, in terms of the cellular capacity
for energy dissipation, these cells are functionally compara-
ble to HL-grown cultures.

The phenotypic and photosynthetic response of C. vul-
garis grown at HL but a 12 h photoperiod relative to cells
grown at LL was completely unexpected. Furthermore,
the apparent sensitivity to a 12 h photoperiod in HL cells
occurred despite the fact HL cells grown at a 12 h photo-
period were exposed to a daily photon exposure that was
13-fold greater than that of LL-grown cells regardless of
photoperiod. This is consistent with the threefold higher
excitation pressure exhibited by the HL cells compared
to LL cells regardless of photoperiod (Table 1). Thus, dif-
ferences in daily photon exposure cannot account for the
photoperiodic sensitivity of HL cells of C. vulgaris since
excitation pressure varied by only 16% (1 —qP =0.69-0.80)
for HL cells as a function of photoperiod. Thus, we suggest
that photoperiod must contribute to the photoacclimation
of HL cells of C. vulgaris independently of the redox state
of the PETC. However, since photoacclimation of LL cells
appeared to be insensitive to photoperiod, it appears that the
photoperiod requirement in C. vulgaris is strictly dependent
on the developmental history with respect to growth photon
flux density.
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During photomorphogenesis, photoreceptors provide
light input signals to the circadian clock while phytochromes
specifically enable responses the far-red/red range of light
(McClung 2006; Casal 2013; Kianianmomeni and Hall-
mann 2014). Light-quality specific signal transduction is
facilitated by phytochrome-specific target proteins including
phytochrome-interacting factors (PIFs) (Shin et al. 2013).
Interestingly, distinct responses for PHYA and the PIF3 in
response to photoperiod were detected as both PIF3 and
PHYA abundance decreased during growth under a 12 h
photoperiod in cells grown at HL (Fig. 6). The reduced accu-
mulation of both PhyA and PIF3 under a 12 h photoperiod
may indicate a differential impact on the core oscillator and
clock function in a manner that potentially influences clock
output signals for photoacclimation under a 12 h photoper-
iod in HL-grown cells of C. vulgaris.

Length of the daily light period induces a distinct photo-
synthetic acclimation response in C. vulgaris grown at HL.
This is analogous to research in A. thaliana where accli-
mation to a short-day photoperiod mimicked the structural
responses, including increased Chl content, increased leaf
biomass and decreased Chl a/b ratio, characteristic of shade
acclimated leaves (Lepisto et al. 2009). Photoperiod has
additionally been demonstrated to differentially influence
the stress response to hydrogen peroxide and ozone in A.
thaliana (Queval et al. 2007, 2012) and Trifolium subter-
raneum (Vollsnes et al. 2009), respectively. In A. thaliana,
day length specific responses appear to be under the control
of a genetic program as opposed to representing a response
to differential exposure time to stressful conditions per se
(Chaouch and Noctor 2010; Chaouch et al. 2010). Based on
the distinct and discrete responses elicited by 18 hand 12 h
photoperiods at HL, and the differential accumulation of
PHYA and PIF3, we suggest that the phenotypic response
to HL under either an 18 h or 12 h photoperiod in C. vul-
garis likely involves an intrinsic photoperiodic response
in addition to a photosynthetic redox response. It appears
that photoperiod may play a crucial role in conditioning the
acclimation response to a variety of environmental stresses
in terrestrial plants such as Arabidopsis thaliana as well
as C. vulgaris. Thus, acclimation to high light stress in C.
vulgaris appears to be much more complex than previously
assumed (Hiiner et al. 1998, 2003; Ensminger et al. 2006;
Hiiner et al. 2012, 2013).

A consensus has emerged that “operational” signals
derived from mature chloroplasts act as major regulators of
phenotype through retailoring of the structure and compo-
sition of the photosynthetic apparatus (Sukenik et al. 1987,
1988; Laroche et al. 1991; Melis 1991; Anderson et al. 1995;
Hiiner et al. 1998; Pfannschmidt et al. 1999; Falkowksi and
Chen 2003; Matsuda et al. 2003; Chen et al. 2004; Ens-
minger et al. 2006; Piippo et al. 2006; Hiiner et al. 2012;
Borisova-Mubarakshina et al. 2015; Dietz 2015; Stewart
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et al. 2015; Bode et al. 2016). In this study, however, the
apparent “uncoupling” of PSII excitation pressure and the
expected photoacclimation response indicates that chloro-
plast redox status cannot be the sole regulator of photoac-
climation under a variable light and photoperiod regime in
C. vulgaris.

We conclude that photoacclimation to HL in C. vulgaris
likely represents a complex interplay between “biogenic”
phytochrome-mediated sensing and “operational” redox
sensing signaling pathways (Pogson et al. 2008; Pogson
and Albrecht 2011) consistent with the proposal of Guad-
agno et al. (2018). Signals pertaining to day length must be
able to interact with, or override the photosynthetic redox
signals to modify the photoacclimation response. Interac-
tion between light-specific receptors and chloroplast redox
signals during leaf acclimation in the terrestrial plant has
been proposed (Ruckle et al. 2007; Ruckle and Larkin 2009;
Guadagno et al. 2018). Similarly, the defective photoaccli-
mation responses in the det! signal transduction mutant in
A. thaliana does support some degree of cross-talk between
photoreceptor-regulated responses and other regulators of
photosynthetic acclimation (Walters et al. 1999). Currently,
only fragments of these signalling pathways are known. The
elucidation of cross-talk between photoreceptor-mediated
“biogenic” pathways and plastid-mediated redox “opera-
tional” pathways and the extent to which cross-talk alters
acclimation of the photosynthetic apparatus to different PFD
and photoperiods remains to be elucidated.
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