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Abstract: Haematococcus pluvialis undergoes a three-phase process during the process of germination:
first, repeated mitotic events; next, cytokinesis to form the zoospore; and finally, a fast release
of motile cells. Physiological properties were measured using chlorophyll a fluorescence (OJIP)
transient. The most obvious increase in K-value and L-value appeared at 17 h, suggesting that
oxygen-evolving complex damage and lower energetic connectivity of the photosystem II units of the
mother non-motile cell occurred. Compared to phase I, the values of the maximum quantum yield
of PSII photochemistry (Fy/Fy1) and PIsps increased significantly in phases II and III, suggesting
that photosynthetic photochemical activity was greatly up-regulated during cytokinesis to form
zoospores and the fast release of motile cells. Moreover, the significant increase in the K-band at
17 h and 22 h indicates that the PSII donor side was the limiting factor during the initial period of
germination. All these results suggest that the cellular photosynthetic activity continues to strengthen
during cytokinesis to form the zoospore and the fast release of motile cells, and it was postulated to
meet the demands for sporangium swelling and new organelle formation.

Keywords: Haematococcus pluvialis; non-motile cell; motile cell; germination; chlorophyll a fluorescence
transient; photosynthetic behavior

1. Introduction

Haematococcus pluvialis is of great interest because it may amass a considerable amount
of the antioxidant astaxanthin [1,2]. In previous studies, the cell cycles and proliferation
patterns of Haematococcus pluvialis had been described based on repeated microscopic
observation [3]. The germination of non-motile cells into motile cells is critical for cell
recovery from resting spores during its complex life cycle. Three phases were identified to
obtain deeper insights into the metabolic changes taking place during this process. The
first phase (phase I, 0-12 h) consists of repeated mitotic events, in which the cell begins
to expand. Then, the cell initiates cytokinesis to form the zoospores within the mother
non-motile cell and prepares for their release (phase II, 12-17 h). After 17 h of induction,
the cell wall of the mother non-motile cell ruptures, and the new motile cells are released
(phase III, 17-22 h) [4]. Water uptake is the first step for the initiation of red non-motile cell
germination, followed by metabolic recovery and the formation of sporangia, and finally
the rupture of the sporangial walls, which results in the release of a new generation of
zoospores. Germination was associated with chlorophyll and protein synthesis, as well
as carotenoid degradation, in addition to the drastic changes in cell shape [5,6]. The ratio
of carotenoid/chlorophyll continuously decreased from 7.0 & 0.7 (non-motile cells) to
0.3 £ 0.1 (motile cells) [7]. From the evidence, we speculated that photosynthesis activity
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gradually recovered during non-motile cell germination, which is still being debated.
Meanwhile, how about the rate of recovery of various steps of photosynthesis? Which
one is the rate-limiting step of photosynthesis? However, related research on this area
remains sparse. Therefore, studying the dynamic behaviors of photosynthesis during non-
motile cell germination in Haematococcus pluvialis is of substantial significance for exploring
the metabolic changes taking place during this process. Chlorophyll a fluorescence OJIP
transient (OJIP transient) is a useful method for analyzing and screening photosynthetic
samples [8]. The OJIP transient, which is characterized by O, ], I, and P steps, is especially
useful in the study of PSII activity in plants, algae, and cyanobacteria [9,10]. Combining
the corresponding physiological property changes and then analyzing the coordination
with photosynthesis-related unigenes at the transcript level would be helpful to further
understand the algal metabolism regulatory mechanisms during the process of H. pluvialis
non-motile cell germination. Based on the above, qualitative and quantitative analyses
of PSII behavior changes were emphasized using the OJIP transient combined with JIP-
test. Meanwhile, the respiration rate and total O evolution rate were also analyzed to
elucidate the regulatory mechanism of the photosystem during H. pluvialis non-motile cell
germination.

2. Materials and Methods
2.1. Culture Conditions

An algal culture strain of H. pluvialis (strain number: H7) was obtained from the Yun-
nan Alphy Biotech Co., Ltd., Chuxiong, Ziwu Village, Yunnan province, China (24°89’' N,
101°5’ E). For observation of the life cycle, the cells were cultured in MCM medium under
natural conditions with a 14:10 h light-dark cycle. The cultures were irradiated with a
fluorescent lamp at approximately 100 pumol photons m~2 s~! to stimulate the formation
of thick-walled non-motile cells. These four Haematococcus pluvialis samples (0, 12, 17,
and 22 h) used in this study were collected and processed as described in our 2019 paper
(Figure 1) [4].

22 h

Oh

Figure 1. Light microscopic images of four sampling points during H. pluvialis non-motile cell
germination. 0 h, non-motile cells; 12 h, repeated mitotic events within the mother non-motile cell;
17 h, cytokinesis to form the zoospores within the mother non-motile cell; 22 h, cell wall of the mother
non-motile cell ruptures and the new motile cells are released. P1, P2, and P3 are short for phase I,
phase II, and phase III, respectively. The length of each bar represents 10 pm.

2.2. Physiological Measurements

Chlorophyll (Chl) a fluorescence (OJIP) transients were monitored using a Handy
PEA fluorimeter (Hansatech, Pentney, UK). All measurements were carried out with
samples that had been dark-adapted for 10 min. The JIP-test was used to examine the OJIP
transients [11]. Saturating red light at 3000 pmol photons m~2 s~! was produced by an
array of light-emitting diodes (LED, peak 650 nm). The chlorophyll a fluorescence transients
were obtained using 1 s saturating red light and analyzed with the OJIP-test. The relevant
parameters and their significance involved in the experiment are shown in Table 1. The total
photosynthetic O, evolution rate and respiration rate were measured using a Clark-type
O, electrode (Hansatech, Norfolk, UK) at 20 °C and 100 pumol/m?/s PFD according to
Yu et al. [12]. The initial cell density was about 1.0 x 10° cells mL™ and NaHCOj3 (1 mM)
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was the acceptor during the measurements of O, evolution. The results were analyzed
using ANOVA multiple t-tests (p < 0.05) to determine the statistical significance between
experimental groups. Detection and enrichment of DEGs related to energy metabolism
were carried out according to our 2019 paper, based on the corresponding transcriptomic
data [4].

Table 1. Definitions and explanations of selected JIP-test parameters derived from the chlorophyll a
fluorescence induction curve.

Parameters Description
Vy Relative variable fluorescence at the J-step.
Fyv/Fm Maximum quantum yield of PSII photochemistry.
Plags Performance index on absorption basis.
RC/ABS Efficiency of reaction centers
¢@Po/(1-¢Po) Light energy absorption efficiency
Po/(1-o) Acceptance efficiency of electron acceptors
ABS/RC Absorption flux (for PSII antenna chlorophylls) per reaction center (RC)
TRo/RC Trapped energy flux (leading to Q4 reduction) per reaction center RC
ETo/RC Electron transport flux (further than Qa ~) per PSII RC (at t = 0)
DIp/RC Dissipated energy flux per reaction center RC (at t = 0)

3. Results and Discussion
3.1. Photosynthesis and Respiration

During the first 12 h of incubation, H. pluvialis maintained a relatively high respiratory
rate (phase I, repeated mitotic events), compared to phase II (cytokinesis to form the
zoospore). The total O, evolution rate increased dramatically in the following 12-17 h
of incubation (phase II, cytokinesis to form the zoospore). Meanwhile, the change of net
photosynthetic O, evolution rate was synchronized with the change of total photosynthetic
O, evolution rate, but a slower rate due to an increase in respiratory rate during 17-22 h
(phase 111, a fast release of motile cells) (Figure 2B). The carbon skeleton and energy for
the non-motile cell germination were mostly derived from photosynthesis and respiration.
It was suggested that red non-motile cells accumulate higher levels of carbohydrates and
oil droplets than green vegetative motile cells [1,13]. Non-motile cell germination can be
induced even under low light or in the dark [7,14,15]. All of the findings indicate that
respiration plays an important role in the non-motile cell germination of H. pluvialis.
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Figure 2. (A) Light response curve for net photosynthetic O, evolution rate of H. pluvialis cells. (B)
The respiration rate, net photosynthetic O, evolution rate, and total photosynthetic O, evolution rate
during H. pluvialis non-motile cell germination. Mean =+ SE of five replicates were presented.
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3.2. Chlorophyll a Fluorescence Intensity Curve (OJIP)

The fluorescence transients of these four samples were presented in Figure 3. H. pluvialis
at 17 h and 22 h showed the typical OJIP chlorophyll fluorescence transient. In contrast,
samples of 0 h and 12 h showed an obvious up-regulation at the J step and down-regulation
at the I step, respectively. The shape and intensity of OJIP transients at 0 h and 12 h
showed distinctive differences at 17 h and 22 h (Figure 3A), implying that photosystem
(PS) I behaviors were altered during H. pluvialis non-motile cell germination. To clarify
the detailed alternations of PSII behaviors during this process, the variations in the
phases of O-], O-K, and O-I in the relative variable fluorescence kinetics were examined
by normalizing the OJIP transients (Figure 3B-D). Lazar et al., demonstrated that the
appearance of the K step could be related to many functional and structural moments in
PSII, and the inhibition of OEC is one of the most important reasons [16]. In this study, the
most obvious increase in the K-value and Vj values appeared at 17 h, followed by 22 h,
12 h, and 0 h (Figure 3B). This meant that the accepter side and reaction centers of PSII
recover more quickly at 17 h, in contrast to the donor side of PSII. Therefore, the increase
in K-band was mainly caused by the inhibition of the donor side of PSII. Meanwhile,
the so-called L-band was also found and was greatly increased at 17 h (Figure 3C). It is
remarkably, however, the photosynthetic electron transport was still sufficient to support
photosynthesis, even though the donor side was limited. Carbon assimilation might be
the limiting factor instead of photosynthetic electron transport. The decreased energetic
connectivity of the PSII units was suggested by the higher L band, which meant that the
PSII units were less grouped or less energy was being exchanged between the independent
PSII units [17]. All these results suggest that the 17 h sample had poor utilization of the
excitation energy. Figure 3D was plotted to show the amplitude of the I-P phase. It was
found that the amplitudes of the I-P phase decreased at 12 h first, followed by a further
decrease at 17 h, then an obvious increase was observed at 22 h. These results indicated the
number of final electron acceptors at PSI experienced a large decrease during 0-17 h, and
the maximal accumulation of end electrons at PSI occurred at 17 h. The accumulation of
excess electrons may lead to cell damage and generate ROS [11].
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Figure 3. (A) During H. pluvialis non-motile cell germination, changes in chlorophyll a fluorescence
transient (OJIP) are displayed on a logarithmic time scale (0 h, 12 h, 17h, and 22 h). Curves are
expressed as relative variable fluorescence intensity (Vy), i.e., double normalized at the Fo and Fp
points (Vi = (Ft — Fo)/(Fp — Fo)). (B,C) AW, transient kinetics, i.e., the values double normalized at
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the Fo and Fj points (B) and the Fo and Fx points (C), during H. pluvialis non-motile cell germination
(12 h, 17h, and 22 h), after subtraction of the control (0 h), given on a linear time scale. (D) Upper part
of chlorophyll (Chl) fluorescence transient from I to P, after double normalization between the Fg
and Fy points. Data from four samples were collected during the non-motile cell germination of H.
pluvialis (0 h, 12'h, 17 h, and 22 h). Note that the starting point on the x-axis is 1 and the O-J-I part of
the transient is omitted. Each curve represents a mean of 10 independent transients (1 = 10).

Apart from qualitative analysis, quantitative analysis using the JIP-test was also per-
formed to elucidate the change in PSII behaviors. The value of Fy /Fy; largely reflects the
maximum quantum yield of PSII photochemistry. In addition, the PIags is more sensitive
to changes in photosynthetic activity than the Fy /Fy; [10], and it is closely related to energy
conservation and behaviors of the photosynthetic apparatuses. In this study, the values
of Fy/Fy and Plaps increased significantly at 17 h and 22 h. This indicated that PSII
photochemical efficiency was increased, and the photosystem experienced an increase in
energy conservation and a considerable activation of energy trapping at 17 h and 22 h.
These results suggested that photosynthetic efficiency increased and the photosynthetic
apparatuses in H. pluvialis were opened to a certain extent along with non-motile germi-
nation (17 h and 22 h). Meanwhile, the high value of V; reflects the high level of closures
of RCs. In this study, the higher V; values at 0 h and 12 h indicated that the closed RCs of
PSII increased during phase I (cell begins to expand). As germination occurred, H. pluvialis
showed a significant decrease in 17 h and 22 h in the Vj value compared with 0 h and 12 h.
This result suggested that algal cells at 17 h and 22 h had an increase in open RCs, which
would raise the possibility of electron transferred from Qa to Qp and further cause a lower
fractional rate of Qa reduction. These results indicated that the open RCs of PSII increased
during phases II and III. Additionally, the Mo value decreased as germination continued
(17 h), indicating that H. pluvialis had a lower fractional rate of Qa reduction (namely, a
lower energy flux from the antenna to PSII RCs), and the electron transfer from Qa to Qp
was activated to a certain extent during zoospore formation of cytokinesis (phase II). The
appearance continued until 22 h with a smaller range.

At 17 h and 22 h, H. pluvialis showed a considerable rise in 1o values (0.397 and
0.450, respectively, whereas 0.237 at 0 h), indicating that electron transport in the PSII
electron transport chain was positively influenced. Values of ¢, were congruent with
values of Po (¢g, values were 0.283 and 0.363 at 17 h and 22 h, respectively, while the
control was 0.008), suggesting that the electron transport quantum yield increased with
the development of H. pluvialis non-motile cell germination process, and the microalgae
maintained a high capacity for the electron transport during phase III. The light energy
absorption efficiency (¢@p,/(1—@p,)) was also greatly increased at 17 h and 22 h. However,
compared with 0 h, the efficiency of RCs (RC/ABS) and the accepting efficiency of electron
acceptors (po/(1—po)) showed no significant increase in 17 h and 22 h.

The ABS/RC ratio is calculated by dividing the total number of photons absorbed
by Chl molecules in all RCs divided by the total number of open RCs. Yusuf et al. (2000)
have deduced that the inactivation of a fraction of RCs or the increase in functional antenna
would lead to an increase in ABS/RC [17]. Accordingly, the decrease in ABS/RC ratio of
this study, indicates that (i) a fraction of the RCs in algal cells were activated, or (ii) the
functional antenna, i.e., the antenna that feeds excitation energy to open RCs, decreased in
size (Table 2). Similar to the phenomenon of the aerial microalga Trentepohlia jolithus [18],
the slight increase in TRp/RC suggested that the first case was probably the reason for the
ABS/RC decreases. ETo/RC denotes the reoxidation of reduced Qa via electron transport
in an open RC. At 0 hand 12 h, ETo/RC ratio was lower than that at 17 h and 22 h, which
suggested that the reoxidation of Q4 was blocked and Qg could not obtain electrons from
Qa. This situation was improved until 17 h. Meanwhile, the ratio of DIo/RC, which
represents the total dissipation of untrapped excitation energy from all RCs with respect to
the number of open RCs [19], showed the same pattern as ABS/RC. These results suggested
that open RCs decreased heat dissipation as energy transferred to other systems to avoid
damage that would be caused by the excess energy. Additionally, more remarkable, high
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astaxanthin content at 0 h and 12 h might be the reason for the high ratio of DIg/RC,
resulting in photosystem protection against damage, at least to a certain extent [20].

Table 2. Statistical comparison of parameters obtained from the JIP-test of four samples.

Parameters Oh 12h 17 h 22h
Y] 0.763 +0.052° 0792 +£0.105®  0.603 +0.010®  0.550 4 0.067 2
Fy/Fum 0.356 &= 0.023 2 0.504 + 0.078 b 0.712 £ 0.008 © 0.810 + 0.035 4
Plags 0.024 +£0.0152  0.060 +0.054® 0361 +0.035>  0.996 4+ 0.304
RC/ABS 0.138+0.0502  0.181+0.021P 0221 £0.005¢ 0271 +0.0234

©po/ (1—0po)

0.553 +0.130 2

1.041 £0.3202

2.474 4+ 0.097 b

4.423 + 1.097 €

Po/(1—1po) 0311400902  0274+00698  0.659 £0.026°  0.840 + 0.251 >
ABS/RC 7253 +03809  5565+£0645° 45304+ 0.097P  3.706 & 0.240 2
TRo/RC 2582+£0290° 278040108  322540.039°¢ 2998 4 0.127 b
ETo/RC 061440130 0585 +03142 1281 +0.022°  1.338 +0.112°
DIo/RC 4668 +£04109 2786 +£0754° 1306+ 0.063P 0708 £ 0.1752

Note: Means =+ SD relative to the respective controls (0 h), of 10 replicates (1 = 10) are presented. Different letters
indicate significant differences among different samples during H. pluvialis non-motile cell germination (p < 0.05).

All these results suggest that H. pluvialis cells in phases I and I had poor utilization of
excitation energy, which would cause an imbalance between photosynthetic light absorp-
tion and energy utilization under high light, leading to ROS generation and cell damage.
Therefore, low light or darkness should be applied to prevent photodamage during phases
I and II of cell germination, in this situation, respiration could supply carbon skeleton and
energy for the non-motile cell germination. During phase III of cell germination, photosyn-
thetic efficiency increased and the photosynthetic apparatuses were opened to a certain
extent. In this situation, high light can be applied to induce photomorphogenesis, such as
chlorophyll synthesis in H. pluvialis cells.

3.3. Expression of Energy Metabolism-Related Unigenes at the Transcript Level

Plant metabolism underpins many traits of ecological and agronomic importance.
In previous studies, mRNA expression of these four-time points during H. pluvialis non-
motile cell germination, especially for carbohydrate metabolism and lipid metabolism, was
examined using comparative transcriptome data [4]. To better understand the metabolic
changes that occur during the transition from non-motile cells to motile cells, differential
expression analysis of energy metabolism-related unigenes was illustrated in this study
(Supplementary Materials Table S1).

With the enlargement of red non-motile cells (phase I), few DEGs were present in
energy metabolism (Figure 4). This was consistent with the conclusion that resting cells,
with fragmented thylakoid membranes, maintained moderate photosynthesis [21]. The
largest amounts of DEGs were present in phase II (Figure 4). The enhanced PsaH and PetF
expression levels consequently improved the capacity of photosystem I [22] and facilitated
biomass generation by transferring extra electrons generated from photosynthesis to en-
zymes involved in biomass formation [23]. In phase III, the down-regulation of PsbP and
PetF weaken photosynthetic activity after the completion of material and energy prepa-
ration. The differential expression of Lhca, which were up-regulated in phase Il and then
down-regulated sharply to the original level during phase III, seemed to be consistent with
the utilization of light energy [24]. The above results were consistent with the PSII activity
change during H. pluvialis non-motile cell germination. The specific-phase (I and III) down-
regulation of two F-type H*-transporting ATPase subunits, which are located on the inner
membrane of mitochondria and thylakoid membrane of chloroplasts, indicated less ATP
synthesis [25]. Meanwhile, overexpression of four V-type H*-transporting ATPase subunits
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in phase II, which were basically located on vacuoles, would provide more energy for ion
transporters, cause vacuole acidification and cause sporangium swelling [26]. The carbon
flux for the synthesis of cell macromolecules was mostly in equilibrium with the energy
flux provided by photosynthesis [27]. This suggested that light energy absorption would
exert a driving force for the release of motile cells. Meanwhile, up-regulation of unigenes
related to glycolysis, TCA cycle, and fatty acid synthesis in phase II was also observed in
the previous study, which was consistent with the conclusion that respiration played an
important role in non-motile cell germination of H. pluvialis. In addition to carbohydrate
metabolism and lipid metabolism, the algal cells probably maintained stronger energy
metabolic activity in phase II

Sulfur metabolism P1(0h-12h)
Nitrogen metabolism P2(12h-17h)

Methane metabolism wP3(17h-22h)
Carbon fixation pathways in prokaryotes
Carbon fixation in photosynthetic organisms
Photosynthesis - antenna proteins

Photosynthesis

Oxidative phosphorylation

Energy metabolism of KEGG pathway

Number of DEGs

Figure 4. Number of differential expression genes involved in energy metabolism after pair-wise
comparison.

4. Conclusions

The cell development stages of unicellular algae play an important role in the regu-
lation mechanism of the photosystem. At the beginning of non-motile cell germination,
the catabolism of stored reserves of starch and oil accumulated during non-motile cell
formation supports cell expansion and chloroplast development until photoautotrophic
growth can be resumed. Compared to 0 h and 12 h, the algae showed higher photosynthetic
photochemical activity at 17 h and 22 h. In phase I, reoxidation of QA was partly blocked,
the electron transport from Q4 to Qg is impaired. PSII RCs were still closed, and closed
RCs were able to dissipate excess excitation energy as heat. In phase II, the PSII RCs of H.
pluvialis were opened and light absorption and photosynthetic electron transport became
much more efficient. This will contribute to the increase in photosynthetic efficiency. In
phase III, the open RCs decreased heat dissipation and electron transfer became more
efficient. In addition, the uncoupling of OEC (K-peak appeared) at 17 h and 22 h might
be due to the cell division of this phase. Meanwhile, accompanying the increase in pho-
tosynthetic photochemical activity, many metabolism related-unigenes were also greatly
up-regulated during phases II and III. The changes in gene expression and photosynthetic
characteristics were likely to meet the demands for sporangium swelling and new organelle
formation, such as vacuoles, flagella, and chloroplasts. This study will provide valuable
and reliable insights into the photosynthetic process involved in the non-motile cell germi-
nation of Haematococcus pluvialis and provide a technical reference to the development of
its large-scale cultivation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/w14081280/s1, Table S1: Differentially expressed gene statistics among energy metabolism.
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PSI: Photosystem I

PSII: Photosystem II

Chl: chlorophyll

OEC: oxygen-evolving complex
ROS: reactive oxygen species

DEG: differentially expressed genes
PsaH: photosystem I subunit VI
PsbP: photosystem II oxygen-evolving enhancer protein 2
PetF: ferredoxin

TCA cycle: tricaboxylic cycle

Lhc: light harvesting complexes
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