
ORIGINAL ARTICLE

Modulation of photosynthetic activity and photoprotection
in Haematococcus pluvialis cells during their conversion
into haematocysts and back

Konstantin Chekanov1,4 • Alexander Lukyanov1 • Sammy Boussiba2 •

Claude Aflalo2 • Alexei Solovchenko1,3

Received: 22 November 2015 / Accepted: 10 March 2016 / Published online: 22 March 2016

� Springer Science+Business Media Dordrecht 2016

Abstract The engagement of different photoprotective

mechanisms in the cells of the carotenogenic astaxanthin-ac-

cumulating chlorophyte Haematococcus pluvialis (i) under

favorable conditions, (ii) in the course of stress-induced

haematocyst formation and (iii) during recovery from the stress

was studied. To this end, we followed the changes in primary

photochemistry, electron flow at the acceptor side of photo-

system II, and non-photochemical quenching (NPQ) using

PAM chlorophyll fluorimetry. A general trend recorded in the

stressed cells undergoing transition to haematocysts (and

reversed during recovery from the stress) was a gradual

reduction of the photosynthetic apparatus accompanied by

down-regulation of energy-dependent photoprotective mech-

anisms such as NPQ, along with the accumulation of astax-

anthin. On this background, a transient up-regulation of the

photosynthetic activity was detected at the intermediated

stages (20–50 h of the stress exposure) of haematocyst for-

mation. This phenomenon was tentatively related with the

peak of metabolic activity found earlier in the forming

haematocysts. The role of secondary carotenogenesis coupled

with a reversible transition from ‘active’ (energy-dependent) to

‘passive’ photoprotective mechanisms in the extremely high

stress tolerance of carotenogenic phototrophs is discussed.

Keywords Carotenogenesis � Non-photochemical

quenching � Photoprotection � Stress

Introduction

The microalga Haematococcus pluvialis (Chloro-

phyceae) is capable, under unfavorable conditions, of

transforming into red cells—haematocysts (Boussiba

2000). The haematocysts are characterized by a massive

accumulation of the ketocarotenoid astaxanthin, an added-

value nutraceutical much sought after on the world market

(Guerin et al. 2003; Lorenz and Cysewski 2000).

Until recently, the haematocysts were considered as

resting, metabolically quiescent cells fit for survival under

harsh environmental conditions. However, ample evidence

recently indicated that the formation of haematocysts is a

complex process starting with major rearrangements of the

cell ultrastructure, metabolism, and energy acquisition

mode (Gu et al. 2013; Gwak et al. 2014; Recht et al. 2014).

At this stage, the cell is metabolically active, hence it is

vulnerable to stresses including high light fluxes (Solov-

chenko 2011); this circumstance is of importance for the

biotechnological production of astaxanthin from H. pluvi-

alis (Wang et al. 2014). Still, the mechanisms of accli-

mation to—and protection against—high light in the course

of the haematocyst formation are insufficiently elucidated.

We used the chlorophyll fluorescence analysis-based

approach (reviewed in (Stirbet 2011)) which was successfully
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applied to H. pluvialis earlier (Gu et al. 2013; Wang et al.

2014) to follow changes in the primary photochemistry,

electron flow at the acceptor side of photosystem II and non-

photochemical quenching (NPQ) in H. pluvialis cells under

favorable conditions and in the course of stress-induced

haematocyst formation (the green and red stages, respec-

tively), as well as during a post-stress recovery stage.

Three major components of the NPQ have been defined

according to the time scale upon which they occur and the

molecular mechanisms driving them (Horton 2014; Tikhonov

2013). They include energy-dependent quenching qE, the

fastest component, due to the reversible establishment of the

electrochemical proton gradient across the thylakoid mem-

brane and the xanthophyll cycle (de-epoxidation of xantho-

phylls, instrumental in increasing the light energy dissipation

as heat in PSII antennae). The second is the state transition

quenching qT, reflecting the transition of the photosynthetic

apparatus (Nagy et al. 2014) from State 1 (facilitating pho-

tochemistry) to State 2 (facilitating photoprotection), fol-

lowing reversible phosphorylation of the light-harvesting

complex of PSII (LHCII). The third is the slowest component

qI related to photoinhibition (inactivation of PSII by excess

light, slowly reversed by the D1 protein replacement).

We present preliminary chlorophyll fluorescence-based

evidence for the engagement of different (energy-depen-

dent and independent) photoprotective mechanisms in H.

pluvialis cells at different stages of their transformation

into haematocysts in response to stress.

Materials and methods

Strain and cultivation conditions

The chlorophyte H. pluvialis Flotow 1844 em. Wille strain

K-0084 was obtained from the Scandinavian Culture

Center for Algae and Protozoa at the University of

Copenhagen. Vegetative cultures of H. pluvialis were ini-

tiated at 15 mg L-1 total chlorophyll (Chl) in 0.4L glass

columns (5 cm ID) at 25 �C under constant incident PAR

irradiance (35 lmol quanta m-2 s-1 as measured by a

Lambda L1-185 quantum meter with a cosine-corrected

sensor (Lambda Probes and Diagnostics, Graz, Austria)

provided by daylight fluorescent lamps, in 300 mL of BG-

11 medium (Stanier et al. 1971) modified as described in

(Boussiba and Vonshak 1991). Haematocyst formation was

induced by transferring the cells to nitrate-free medium and

increasing irradiance (PAR 500 lmol quanta m-2 s-1), as

described earlier (Solovchenko et al. 2013). Recovery of

the cultures from the stress accompanied by the reverse

transition of the red haematocysts to green cells was

achieved by resuspension of the former in fresh modified

BG-11 medium and subsequent incubation under the

conditions specified above for the vegetative cells. The

cultures were bubbled constantly with CO2/air mixture

(2:98, v/v) at a rate of 1 v/v/min. The culture condition was

assessed by monitoring pigments (Solovchenko et al. 2013)

and dry weight (DW) (Pal et al. 2011) content. Two

independent experiments were carried out, each in dupli-

cate. The data are provided as mean ± SE. Typical values

for all three conditions in sequence are presented in Fig. 1.

Pigment assay

Chlorophyll (Chl) a, Chl b, and total carotenoids (Car)

were assayed spectrophotometrically in DMSO extracts

(Solovchenko 2011). For the samples with Car/Chl ratio

(wt/wt)[2.0 in which Car composition was dominated by

astaxanthin, the assay by Boussiba and Vonshak (1991)

was used. The carotenoid profile was resolved by HPLC

chromatography of acetone pigment extracts (Varian

Analytical Instruments, Walnut Creek, CA, USA) as pre-

viously described (Zhekisheva et al. 2005; Peled et al.

2011).

Chlorophyll fluorescence analysis

Rapid chlorophyll fluorescence (CF) transients (OJIP, see

Fig. 2) and Stern–Volmer non-photochemical quenching

(NPQ) levels upon irradiation with actinic light (500 lmol

quanta m-2 s-1) were recorded in a quartz cell (2 mm path

length) with Fluorpen FP100 s PAM-fluorimeter (PSI,

Drasov, Czech Republic) after 15-min dark adaptation

according to the manufacturer’s protocol. The saturating

and actinic light intensities were 3000 and 500 lmol

quanta m-2 s-1, respectively. The CF was excited by a

light emitting diode (k = 455 ± 5 nm) and detected in the

range of 697–750 nm. Maximum photosystem II quantum

yield (PSII Qy) and primary quinone acceptor (QA) number

of turnovers (N) levels were calculated (Tables S1, S2) as

described elsewhere (Antal et al. 2009; Kalaji et al. 2014;

Maxwell and Johnson 2000; Strasser et al. 2004). Stern–

Volmer NPQ parameter (Table S1) was determined (Bilger

and Björkman 1990) in cells exposed to actinic light for

60 s. During the actinic light exposure, five recordings of

maximum CF level in the light-adapted state (Fm0) were
made after saturating flashes starting after seven seconds of

the actinic light exposure and repeated at 12-s intervals.

Rapid light-response curves were also recorded by expos-

ing the samples to actinic light of an intensity increasing

stepwise (10, 20, 50, 100, 300, and 500 lmol quanta m-2

s-1; 10 s at each step). A saturating flash was fired after

each step to determine the corresponding Fm’. Actual

photochemical PSII quantum yield Qp was determined

(Genty et al. 1989) as well as quantum yields of regulated,

uNPQ, and non-regulated or basal, uNO, non-photochemical
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quenching (Kramer et al. 2004; Hendrickson et al. 2004,

see also Table S1). All CF measurements were carried out

at room temperature.

Microscopy

Cell morphology was studied in bright field and fluores-

cence (excitation/emission kmax: 437/655 nm and

525/590 nm for Chl and Nile Red, respectively) modes

with a Zeiss Axioskop 40 microscope equipped with a

tungsten-halogen, a mercury lamp (HBO-50), appropriate

filters and a digital camera (Olympus DP-70). Neutral

lipids were visualized by vital staining with Nile Red flu-

orescent stain (Pick and Rachutin-Zalogin 2012).

Results

Changes in culture growth conditions, cell

morphology, and pigment composition

Under our experimental conditions, the vegetative cultures

at the exponential growth phase (20–56 h of cultivation)

contained (Fig. 1) mostly immotile palmelloid cells (A), a
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Fig. 1 Upper row bright field micrographs of palmelloid cells (a), a
motile zoospore (b), sporangia (c), and a mature haematocyst (d).
Lower row fluorescent images of immotile coccoid cells (e, same as

a), and mature haematocysts (f, g) of H. pluvialis. Red color in

e–g autofluorescence of chlorophyll. Yellow color in f fluorescence of
neutral lipid globules vitally stained with Nile Red. Scale bar 10 lm
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Fig. 2 Evolution of dry weight

and pigment content of the

H. pluvialis cells before and

during stress, as well as in the

course of recovery from the

stress. a Dry weight of cells in

batch culture for vegetative

(closed symbols), stress (open

symbols) or recovery (semi-open

symbols) stages described in

‘‘Materials and Methods’’

section. b Total chlorophyll

(squares) and carotenoid

(circles) contents are shown for

the vegetative, stressed, or

recovering cells
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substantial proportion (15–20 %) of motile biflagellated

zoospores (B), as well as dividing cells (sporangia,

Fig. 1c). Small (10–20 lm) green coccoid immotile cells

were even more prominent at the late exponential and

stationary phase. Large (20–50 lm) brown coccoid cells

(Fig. 1d, g) appeared at the stationary phase (after 60 h). At

advanced stages of stress exposure, large red haematocysts

with reduced chloroplast and abundant astaxanthin-con-

taining lipid droplets dominated the culture (Fig. 1d, f, g).

The highest Chl content (5.9 % DW) was reached by

20 h and remained at the level 3–4 % DW thereafter; Car

followed approximately the same trend (Fig. 2), resulting

in a modest increase in Car/Chl ratio (Fig. 4b). The stress

exposure triggered haematocyst formation (Fig. 1d, f, g)

accompanied by a rapid accumulation of the secondary Car

astaxanthin along with a decline in Chl and primary

(photosynthetic) Car, manifested by a dramatic rise of total

Car/Chl ratio (Fig. 4b). Upon the transfer of the cells back

to favorable conditions, a recovery process took place,

manifesting itself by accumulation of Chl and photosyn-

thetic Car, resulting in gradual decline of total Car/Chl

ratio (Fig. 4b), reflecting the dilution of previously accu-

mulated astaxanthin in the newly formed biomass.

Rapid chlorophyll fluorescence curves

To compare the functioning of photosynthetic apparatus of

the H. pluvialis cells under favorable or stressful condi-

tions, the electron transport on the acceptor side of PSII

was studied via the rapid CF transient (OJIP) analysis. The

induction curves of CF recorded for the vegetative cells

and the cells recovered from the stress were typical of

green algae and higher plants featuring a three-step rise to

the maximal fluorescence level, Fm (Fig. 3a) and a high

([0.73) PSII Qy calculated as Fv/Fm. By contrast, upon

stress exposure, the amplitude of the maximum Chl fluo-

rescence peak declined considerably (Figs. 3b–d).

Accordingly, PSII Qy declined rapidly in the stressed cells

to the level of 0.56 (Fig. 4a). In the course of vegetative

growth recovery, PSII Qy returned to the level character-

istic of the vegetative cells within 80 h (Fig. 4a).

Notably, in the OJIP curves of the green cells, the

intensity of the CF displayed a pronounced decline after the

Fm peak (Fig. 3a), suggesting the presence of efficient

sink(s) for the light energy absorbed by the photosynthetic

apparatus. This decline became less pronounced at the

onset of haematocyst formation (approx. 0–20 h of stress

exposure; Fig. 3b) but at intermediate stage (20–50 h of the

stress exposure), it increased transiently to a level com-

mensurate to that of the vegetative cells (Fig. 3c). At the

advanced stages of the haematocyst formation (50–80 h of

stress exposure), the decline of CF after Fm became much

slower (Fig. 3d), likely due to an impaired sink capacity of

the dark reactions of photosynthesis at this stage.

Another spectacular change in the OJIP curve, charac-

teristic of the stress, appeared as an overall decline in the

relative height of the J-I step, which was evident at the

onset and at the advanced stages of the stress (cf. Figure 3a

vs. b, d). At the intermediate stage of haematocyst for-

mation the relative height of the J–I step transiently

returned, as the CF decline mentioned above, to a level

(Fig. 3c) commensurate to that of the vegetative cells.

Remarkably, the re-appearance of the OJIP curve features

typical of photosynthetically active vegetative cells at the

intermediate stage of haematocyst formation coincided

with a transient increase in the efficiency of PS II and the

decline in NPQ (Fig. 4a).

As an indication of electron flow rate on the acceptor

side of photosystem II, primary quinone acceptor (QA)

turnover was also derived from the OJIP curves (see

Table S1). In the vegetative cells, it remained nearly con-

stant, but in the stressed cells depicted a remarkable

increase at the intermediate stage of the haematocyst for-

mation (Fig. 4a), indicative of a transient increase of

electron flow in the chloroplast electron transport chain.

Another rise of N(QA) was recorded in the cells recovering

from the stress (Fig. 4a).

Non-photochemical quenching of excited

chlorophyll states

To obtain a further insight into the observed dynamics of

PSII Qy and number of QA turnovers, the changes in NPQ

were followed. The cells grown under optimal conditions

displayed low NPQ values which declined while reaching

stationary phase, most likely due to the cell self-shading

and a non-monotonous kinetics for NPQ induction,

including an initial increase followed by relaxation

(Fig. 4b, inset). Upon the onset of stress, NPQ increased

ca. two or three-fold within 68 h and the kinetics of NPQ

induction became nearly constant; this trend was partially

reversed during stress recovery (Fig. 4b, inset). A striking

feature of NPQ changes in the stressed cells was a decline

in the NPQ after 56 h of the stress exposure and a loss of

the ability to develop NPQ upon irradiation with high light

concomitant with massive astaxanthin accumulation

(Fig. 4b, right scale). At the same time the size of the

violaxanthin cycle xanthophyll pool remained nearly the

same in the course of stress exposure although its propor-

tion in total carotenoids declined along with astaxanthin

accumulation (Fig. 5).

To elucidate the nature of the observed NPQ changes,

the contributions of different CF quenching components

including photochemical (Qp), non-regulated (uNO), and

regulated (uNPQ) quenching (see Materials and Methods
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and Table S1) were calculated as a function of irradiance

(Fig. 6). The parameter uNO is indicative of so-called basal

level of non-photochemical quenching which is believed to

be related with the initial condition and/or integrity of the

photosynthetic apparatus. On the contrary, the uNPQ

parameter reflects predominantly activation of the energy-

dependent CF quenching mechanisms (see below) under

stressful conditions.

In all of the studied cell types, an increase in the irra-

diance brought about the rapid decline in Qp (to nearly zero

at irradiances above 300 lmol quanta m-2 s-1; Fig. 6a). A

moderate decline in uNO (Fig. 6b) and a marked increase in

uNPQ (Fig. 6c) were also recorded. Generally, higher Qp

levels under irradiances around 100 lmol quanta m-2 s-1

were typical of the haematocysts at the intermediate stage

of the stress exposure in comparison with those recorded in

the cells at different stages of the experiment (see also

Fig. 2). Notably, the onset of the stress was characterized

by elevated levels of uNO (probably due to overall distur-

bance of the photosynthetic apparatus), whereas in the

haematocysts at the intermediate stage of the stress this

parameter was commensurate to that in the green or

recovering cells. In the vegetative cells and haematocysts

(20 h stress exposure) uNO increased with irradiance

10–20 lmol quanta m-2 s-1 and then decline whereas in

the haematocysts at the intermediate stage (52 h) it
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decreased monotonously. It was not possible to determine

reliably the quantum yields of CF quenching in the mature

haematocysts (advanced stages of the stress exposure, see

Fig. 2) due to low Fm0 values resulting in strong interfer-

ence from the noise. The uNPQ levels of the green cells

were higher in comparison with those of the stressed cells.

Discussion

Microalgal cells, vigorously dividing in the absence of

limitation, are characterized by a high demand for chemical

energy and reducing power. Under photoautotrophic con-

ditions, it is satisfied by photosynthesis, implying efficient

photochemical utilization of the absorbed light. This is the

case for the vegetative stage displaying high PSII Qy and

low NPQ. Stresses inducing haematocyst formation in H.

pluvialis disturb the balance between the light energy

absorption and utilization (mostly for cell proliferation),

thereby elevating the risk of photodamage. This risk is

mitigated by photoprotective mechanisms including ther-

mal dissipation of the excess excitation energy. In the

stressed H. pluvialis cells, these processes manifested

themselves as (i) a profound decline in PSII Qy and (ii) an

increase in NPQ. These observations are consistent with

the decline in photosynthetic pigments (Figs. 2b, 4b, right

scale) and the reduction of thylakoid content of the

chloroplast (Gu et al. 2013) as well as photosynthesis rate

(Zlotnik et al. 1993) observed in this organism under the

stress. Another mechanism of coping with the imbalance
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between the photosynthate formation and utilization under

stress is channeling the excessively fixed carbon and

reducing power into the biosynthesis of energy-rich,

reduced compounds such as neutral lipids, mostly triacyl-

glycerols (Zhekisheva et al. 2005; Wayama et al. 2013),

rather than the relatively more oxidized storage carbohy-

drates. Moreover, in H. pluvialis lipid accumulation pro-

motes the biosynthesis of astaxanthin, and its accumulation

as a receiving sink, and may precede the latter process

(Zhekisheva et al. 2005). Obviously, the massive

accumulation of lipids (Fig. 1f) was one of the main rea-

sons of DW accumulation in the stressed cell. This process

can start even earlier (at the late exponential phase)

resulting in the decline of Chl per unit DW at this stage

(Fig. 2b).

On the background of an overall decline in photosyn-

thetic activity, the cells of H. pluvialis undergoing the

transition to haematocysts displayed transient but clear

features attributable to photosynthetically active cells. This

suggestion is supported by the analysis of the OJIP curves

reflecting the kinetics of electron transfer during primary

processes of photosynthesis (Kalaji et al. 2014; Strasser

et al. 2004), quantum yield of primary photochemistry

(Kramer et al. 2004; Strasser et al. 2004). The CF decline

following the peak level (P, see Figs. 3a, c) induced by the

saturating light pulse might reflect the capture of the

absorbed light energy by photochemical reactions and/or

its thermal dissipation. Generally, the extent of this OJIP

curve feature decreased during the haematocyst formation

but, at an intermediate stage of haematocyst formation, it

returned transiently to the level characteristic of the green

cells. Importantly, this phenomenon coincided with other

indications of a transient stimulation of the photosynthetic

apparatus, such as partial recovery of PS II Qy after approx.

20 h of the stress exposure and an increase of the number

of primary quinone acceptor turnovers (Fig. 4a). The latter

parameter is thought to reflect the rate of re-oxidation of

the primary quinone acceptor by plastoquinone. It is dif-

ficult to explain the opposite trends of PS II Qy and primary

quinone acceptor turnovers during the first 20 h of the

stress exposure; although one may infer that the decline of

PS II Qy during this period might be attributed to

quenching in the antenna. It is difficult to resolve contri-

butions of different NPQ mechanisms in this case although

preliminary results of Chl fluorescence analysis at 77 K (in

preparation) suggests a contribution by qT might be

significant.

It should be noted in addition that maximum Qy mea-

sured in dark-adapted cells reflects their potential capa-

bility of photochemical utilization of the absorbed energy

whereas actual photochemical quantum yield (Qp) in the

illuminated cells is normally lower due to non-photo-

chemical quenching. The comparison of the relationships

‘Qp vs. irradiance’ showed that in the lower irradiance

domain (\100 lmol quanta m-2 s-1), Qp of the haema-

tocysts at an intermediate stage (52 h) of the stress expo-

sure was higher than that recorded at the onset of the stress

(20 h of the exposure). This finding can be considered as a

further evidence of the transient activation of photosyn-

thesis although one cannot rule out the contribution of

astaxanthin-mediated attenuation of the actinic light as

well.
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Generally, the transient stimulation of photosynthesis

might be necessary to satisfy the energy and photosyn-

thates requirement imposed by the profound metabolic

rearrangements accompanying the haematocyst formation

(e.g., astaxanthin and de novo fatty acid biosynthesis;

Gwak et al. 2014). Collectively, the indications of a tran-

sient up-regulation of the photosynthetic apparatus are

compatible with recent evidence suggesting that haemato-

cysts at early stages of their formation display a transient

but significant rise of their metabolic activity after 24 h of

stress exposure (Gu et al. 2013; Li et al. 2014) coinciding

with the peak level of expression of the enzymes for Car

biosynthesis (Beuf et al. 2000). In particular, the subse-

quent decline (after 50 h of stress) in electron flow beyond

QA might be a consequence of the transition of the cell

from photosynthetic energy (reductive, yielding NADPH)

acquisition to respiratory, following catabolism of previ-

ously accumulated starch (Recht et al. 2014).

The cells of H. pluvialis respond to high irradiance, like

other phototrophs, by induction of NPQ (Horton 2014). In

the vegetative cells, a relatively low NPQ rise was recorded

(Fig. 4b, left scale). Notably, the relaxation of NPQ in the

vegetative cells started when the actinic irradiation was still

on (Fig. 4b, inset). This phenomenon did not occur under

low-CO2 conditions in H. pluvialis (Wang et al. 2014), its

plausible reasons include a rapid activation of dark reac-

tions in the absence of the inorganic carbon limitation

under CO2 enrichment (see methods). These NPQ mecha-

nisms of H. pluvialis capable of rapid adjustment might

protect the vegetative cells from light fluctuations and

prevent wasting the absorbed light energy under favorable

conditions.

The slowly reversible (timescale of hours) photoin-

hibitory quenching, qI was not evident under our experi-

mental conditions. We shall therefore consider only the

faster components qT and qE of non-photochemical

quenching that are rapidly inducible and reversible (time-

scale of seconds to minutes; see e.g., Horton 2014).

The state transition quenching, qT, affects the distribu-

tion of the absorbed light energy between PS I and PS II

due to the migration of outer antenna complexes after

phosphorylation by a special kinase associated with

cytochrome b6f-complex (Nagy et al. 2014). Over-reduc-

tion of the plastoquinone pool triggers the lateral diffusion

of the light-harvesting complexes from PSII, out of the

thylakoid appressed membrane to PS I (Ruban and Johnson

2015), enhancing cyclic electron flow around PSI (Rumeau

et al. 2007; Vener 2007), thereby generating extra energy

(ATP), while relieving excess reducing power (NADPH).

Although the contribution of cyclic electron flow in higher

plants is normally modest, it can be significant in

microalgae (Alric 2010). Thus, haematocysts of H. pluvi-

alis are characterized by a lower sensitivity to DCMU (Tan

et al. 1995) and a higher PSI/PSII quantum yield ratio

relatively to green cells, suggesting an increased contri-

bution by cyclic electron flow in haematocysts (Gu et al.

2013; Wang et al. 2014).

On the other hand, the cytochrome b6f complex, crucial

for a qT buildup, decreases dramatically during the

haematocyst formation (Tan et al. 1995). The diminution of

b6f might be partially compensated by plastid cytochro-

me bc1 complex, as indicated by sensitivity of cyclic

electron transport to antimycin A and myxotiasol (the b6f-

complex is not sensitive to these inhibitors although this

mechanism was reported only in Chlamydomonas rein-

hardtii (Antal et al. 2013; Ravenel et al. 1994; Zhang et al.

2002). Another plausible mechanism is oxidation by plastid

terminal oxidase, alternative oxidase, or by non-enzymatic

oxidation by ROS (Rumeau et al. 2007).

Another major component of NPQ is qE, energy-de-

pendent quenching resulting from energization of the thy-

lakoid membrane and subsequent protonation and/or

conformation change of certain proteins of photosynthetic

apparatus. Reversible conversion of violaxanthin via

antheraxanthin to zeaxanthin (known as the violaxanthin

cycle) also contributes to NPQ induction. The proportion of

violaxanthin cycle xanthophylls in total carotenoids

declined due to accumulation of the secondary carotenoid

astaxanthin but its absolute pool size was more or less

stable in the course of the stress-induced astaxanthin

accumulation (Fig. 5). Unfortunately, it was impossible to

determine reliably the extent of violaxanthin de-epoxida-

tion in the haematocysts due to strong interference from

astaxanthin and its derivatives (not shown). Therefore, the

involvement of the violaxanthin cycle in the induction of

NPQ in the haematocysts of H. pluvialis formed under

combined high light and nutrient deprivation stresses

remains questionable although a considerable up-regulation

of this mechanism was recorded under high light stress in

H. pluvialis (Gu et al. 2014).

Induction of qE resulting from the buildup of DpH on

the thylakoid membrane is, in many aspects, mediated by

PsbS protein (Betterle et al. 2009; Muller et al. 2001;

Niyogi et al. 2005) which, in particular, controls the

organization of grana membranes in a pH-dependent

manner, changing the amount of PS II light-harvesting

super complexes (Kereı̈che et al. 2010).

The actual mechanisms of NPQ build-up in the stressed

H. pluvialis cells are so far poorly understood. Thus, Gu

et al. (2014) found neither PsbS expression nor direct

correlation between the violaxanthin cycle pigment pool

size and high light tolerance in H pluvialis suggesting a

different mechanism for qE. In this context it is remarkable

that the OJIP curves of photosynthetically active cells of H.

pluvialis, as many other photosynthetically active cells

(Kalaji et al. 2014; Lazár 2006; Maxwell and Johnson
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2000), displayed a substantial increase in the amplitude of

J–I step. This feature of the OJIP curves is believed to

reflect the heterogeneity of PS II (Lavergne and Briantais

1996; Lazár 2006), in particular, the presence of a ‘slow’

PS II fraction featuring an elevated capacity of energy

dissipation. This PS II fraction was ascribed the function of

photoprotection in photosynthetically active H. pluvialis

cells (Torzillo et al. 2003). In the present work, a pro-

nounced J–I step was also recorded in the OJIP curves of

the stressed H. pluvialis cells at the intermediate stage of

their transition to haematocysts. The presence of this fea-

ture indicates that the photoprotective mechanisms typical

for photosynthetically active cells might contribute to the

protection of the haematocysts at a certain stage of their

formation.

A deeper insight into development of NPQ can be

obtained by its analysis in terms of basal or constitutive

(non-regulated) dissipation, uNO, and regulated non-pho-

tochemical quenching, uNPQ (Hendrickson et al. 2004;

Kramer et al. 2004). Under low irradiances, uNO prevails

but along with an increase in actinic light intensity uNPQ

builds up and uNO, as a competitive process, declines

(Fig. 6). In the vegetative cells, uNPQ related with energy-

dependent quenching of CF (see above) quickly became

the main route of the absorbed light energy dissipation

whereas in the haematocysts the contribution of uNO

remained significant.

Importantly, the NPQ response is implemented by

‘‘active’’ (enzymatic, energy-dependent) mechanisms,

meaning that only metabolically active cells can afford its

continuous operation (Horton 2014; Tikhonov 2013). The

onset of haematocyst formation is characterized by a high

photosynthetic activity (hence an acute need for photo-

protective mechanisms); later, the photosynthetic activity

declines, suggesting that the cell acquires carbon and

energy by mobilization of previously accumulated starch

followed by respiration (Recht et al. 2014). This pattern is

compatible with a transient increase of NPQ upon the onset

of stress followed by a decline recorded in this work

(Fig. 4b).

After a more prolonged stress exposure, an unexpectedly

sharp drop of NPQ was recorded in the haematocysts at the

advanced stages of their formation. The energy-demanding

NPQ mechanisms could, at this point, be taken over by other

mechanisms such as optical shielding by astaxanthin offering

a sustained photoprotection without continuous energy and

metabolite investment which might be crucial for survival

under prolonged exposure to unfavorable conditions (Solov-

chenko 2013). Despite of the decline in NPQ, PSII Qy was

low. It is interesting to note the similarity in the stress toler-

ance of H. pluvialis astaxanthin-rich haematocysts and ever-

green overwintering plants also accumulating photoprotective

ketocarotenoids e.g., rhodoxanthin (Han et al. 2004). It has

been hypothesized that a special pigment-protein complex is

formed in the thylakoid membranes facilitating the heat dis-

sipation of the excess light energy (Gilmore and Ball 2000).

This is in accord with the retention of a high uNO level in the

haematocysts suggesting the contribution of an alternative

quenching mechanism apparently unrelated to qE or qT.

Importantly, functional photosynthetic apparatus is preserved

under the prolonged stress exposure in H. pluvialis and the

overwintering plants. This circumstance might be conductive

for rapid recovery upon return to the favorable conditions.

Preliminary results of restoration to vegetative growth in the

absence of stresses indicate a reversal of all parameters to a

level close to that of the non-stressed vegetative cells (Fig. 4);

however, the kinetics of these processes somewhat reflect the

intensity of the stress imposed on the cells.

Finally, it is tempting to speculate that the systems

stress response including secondary carotenogenesis toge-

ther with a reversible transition from ‘active’ (energy-de-

pendent) to ‘passive’ photoprotective mechanisms are the

traits conferring to H. pluvialis its unique ability to endure

harsh habitats from deserts and mountains (Guiry 2011;

Sussela and Toppo 2006) to Arctic seas (Chekanov et al.

2014; Klochkova et al. 2013).
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