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Abstract
The purpose of this study was to analyze the effects of exogenous sodium acetate on astaxanthin accumulation and photoprotection in
Haematococcus pluvialis at the non-motile stage. Five or 10 mM sodium acetate increased astaxanthin contents more than two-fold as
compared with that in cells without sodium acetate after 6 days of incubation, indicating that exogenous sodium acetate accelerated
astaxanthin accumulation at the non-motile stage significantly. Addition of sodium acetate inhibited the chlorophyll fluorescence
parameters (ΦPSII,Fv′/Fm′, and qL) as well as photosynthetic rates, indicating that exogenous sodium acetate suppressed photosynthetic
activity. However, additional sodium acetate increased respiratory rates. It can be speculated that the enhanced respiration plays an
important role in the acceleration of astaxanthin accumulation in the presence of sodium acetate, because acetate can be utilized by the
respiratory tricarboxylic acid cycle to generate the carbon skeletons and NAD(P)H for astaxanthin synthesis. Moreover, the level of
photoinhibition decreased after adding sodium acetate, which is indicated by the fact that the decrease of theFv/Fm value from predawn
to midday declined on day 4 and day 6. NPQ increased significantly with additional sodium acetate on day 4 and day 6, indicating that
additional sodium acetate induced a mechanism to protect algal cells against photoinhibition. Taken together, exogenous sodium
acetate enhances astaxanthin accumulation and the photoprotection capacity of H. pluvialis at the non-motile stage.
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Introduction

Astaxanthin is an oxygenated carotenoid with high antioxi-
dant capability (Kobayashi and Sakamoto 1999). It is com-
monly applied in the cosmetic, nutraceutical, and pharmaceu-
tical industries (Hussein et al. 2006). Haematococcus
pluvialis, a unicellular green alga, known as the principal
source of natural astaxanthin, is mass-cultivated in

industrial-scale production (Liu et al. 2014). The cell cycles
and proliferation patterns in H. pluvialis are complicated
(Zhang et al. 2017a), and a two-stage (motile stage and non-
motile stage) culture protocol is widely applied in mass-scale
cultivation for astaxanthin production (Borowitzka et al. 1991;
Hagen et al. 2001; Wang et al. 2018).

The microalga H. pluvialis has the ability to utilize exoge-
nous organic carbon substrates (Kobayashi et al. 1992), and
many previous studies have shown that sodium acetate accel-
erates cell growth or astaxanthin accumulation (Kobayashi
et al. 1993; Orosa et al. 2001). However, the effect of sodium
acetate on astaxanthin accumulation is always integrated with
increased biomass production (Göksan et al. 2010). Because
increasing biomass leads to enhanced astaxanthin as well, it is
difficult to distinguish the effect of sodium acetate on the
astaxanthin biosynthesis specifically. Furthermore, there is lit-
tle information about changes of photosynthetic behaviors by
adding exogenous sodium acetate at the physiological level at
the non-motile stage.

Astaxanthin accumulation in H. pluvialis is commonly in-
duced by high light intensity, and is subject to photosynthetic
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redox control (Kobayashi et al. 1992; Steinbrenner and
Linden 2000, 2003). But it is known that excess light may
result in photoinhibition of plant cells (Zhang et al. 2011).
Recently, a study showed that the level of photoinhibition in
H. pluvialis cultured outdoors decreased as astaxanthin accu-
mulation increased (Zhang et al. 2017b). However, little atten-
tion has been given to the effects of additional sodium acetate
on the photoinhibition level and photoprotection capacity dur-
ing astaxanthin accumulation.

This study aims to investigate the effects of exogenous
sodium acetate on astaxanthin accumulation and
photoprotection capacity in H. pluvialis at the non-motile
stage. Algal cells at stationary phase were induced to accumu-
late astaxanthin without adding new nutrients under outdoor
high light illumination, and physiological changes, including
photoprotective capacity of cells were analyzed. Determining
the photosynthetic behaviors and photoprotection with addi-
tion of exogenous sodium acetate would be instructive for
optimizing astaxanthin production.

Materials and methods

Strains and culture conditions

The alga Haematococcus pluvialis (strain H6) was obtained
from the Institute of Oceanology, Chinese Academy of
Sciences. The algal cells were first pre-cultured in modified
MCMmedium (Sun et al. 2008) at 25 ± 1 °C indoors. Light at
an intensity of 200 μmol photon m−2 s−1 was provided from
the top by red fluorescent lamps. Aeration with CO2 was ad-
justed according to pH (7.5–8.5). During the pre-cultivation,
the algal cultures were manually shaken three times daily to
avoid sticking. Then algal cells (grown phototrophically in-
doors without additional carbon source) at stationary phase
were divided into several 300 mL algal cultures in
Erlenmeyer flasks (500 mL). To confirm the effect of sodium
acetate on astaxanthin accumulation and photoprotection ca-
pacity in H. pluvialis, 0, 5, and 10 mM sodium acetate (Ac)
was added to the algal cultures, without adding fresh nutrients.
Each set of experiments was done in triplicate. Then the algal
cultures were transferred from indoor conditions to outdoor
conditions at day 0. During the experiments, the flasks of algal
cultures outdoors weremanually shaken 5 times a day to avoid
sticking, without aeration. Samples of H. pluvialis cells were
used for analyses of pigments and physiological changes. The
maximal photochemical efficiency of PSII (Fv/Fm) was deter-
mined at predawn (6:00) and at midday (12:00), NPQ (non-
photochemical quenching) was determined at midday (12:00).

All experiments were done outdoors at the Yunnan Alphy
Biotech Co., Ltd. (Yunnan, China). The changes of tempera-
ture and solar radiation during the astaxanthin accumulation

period are shown in Table 1, as measured by an automatic
weather station at Yunnan Alphy Biotech Co., Ltd.

Analytical procedures

Chlorophyll (chlorophyll a and b) and astaxanthin were ex-
tracted by methods described in Liu et al. (2002) and were
assayed using a UV-visible spectrophotometer according to
Lichtenthaler (1987).

The chlorophyll fluorescence parameters, actual photo-
chemical efficiency of PSII (ΦPSII), conversion efficiency of
light energy (Fv′/Fm′), the fraction of open PSII centers (qL),
maximal photochemical efficiency of PSII (Fv/Fm) and non-
photochemical quenching (NPQ) were measured using an
FMS-2 pulse modulated fluorometer (Hansatech
Instruments, UK) (Jiang et al. 2004; Zhang et al. 2015).
NPQ was calculated as Fm/Fm′ − 1, where Fm is the maximal
fluorescence yield after dark adaptation, and Fm′ is the maxi-
mal yield in a saturation pulse during actinic illumination
(Bilger and Björkman 1990), the fast component (qE) and
slow component (qI) of NPQ were determined following the
protocol of Johnson et al. (1993).

A Clark-type O2 electrode (Hansatech Instruments) was
used to measure respiration rates under totally dark conditions
and the net photosynthetic O2 evolution rates under saturation
actinic light (800 μmol photons m−2 s−1) at room temperature
(Zhang et al. 2016b). The total photosynthetic O2 evolution
rates are the sum of respiration rates and the net photosynthet-
ic O2 evolution rates.

Chlorophyll a fluorescence (OJIP) transients (Zhang et al.
2016b) of cells were measured with a Handy PEA fluorometer
(Hansatech InstrumentsK) and double normalized. All mea-
surements were performed with algal cultures that had been
dark-adapted for 10 min at room temperature.

Data in the figures represent the mean ± SD (n = 3) and
were subjected to one-way ANOVA and Tukey tests.

Results

Chlorophyll content increased in the initial 2 days of incuba-
tion, and decreased over time after day 2, except in the case of
10 mM Ac which decreased after day 1 (Fig. 1a). Addition of
Ac decreased chlorophyll content significantly after 2 days of
incubation (P < 0.05). It has been reported that under
astaxanthin accumulation conditions, the expression of chlo-
rophyll biosynthesis related genes significantly decreased
(Kim et al. 2011). The maximum chlorophyll content
(4.00 mg L−1) occurred without Ac addition (0 mM Ac) on
day 2. The chlorophyll a/b ratio declined at 1 day of incuba-
tion, and basically maintained at relatively high levels be-
tween 2.61 and 2.63 in algal cultures without Ac after 2 days
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(Fig. 1b). Addition of Ac decreased the chlorophyll a/b ratio
during the incubation (P < 0.05).

Astaxanthin content increased during the whole incubation
(Fig. 1c). Astaxanthin content of Ac-supplemented cells in-
creased significantly after 2 days (P < 0.05), compared with
cells without adding Ac. There was no significant difference
in the astaxanthin content when the Ac concentration was
varied between 5 and 10 mM (P > 0.05). The astaxanthin con-
tent in H. pluvialis cells with 5 or 10 mM Ac increased more
than two-fold as compared with that in cells without Ac after
6 days, indicating exogenous Ac significantly accelerated
astaxanthin accumulation at the non-motile stage.
Meanwhile the astaxanthin/chlorophyll ratio increased over
time during the incubation (Fig. 1d). The astaxanthin/
chlorophyll ratio in presence of Ac was significantly higher

than that in absence of Ac after 2 days (P < 0.05). After 6 days
of incubation, both 10 and 5 mM Ac increased the
astaxanthin/chlorophyll ratio, with values up to 5.5 times
and 3.78 times higher than that without Ac, respectively.

In Erlenmeyer flasks, the color of the Ac-treated algal cul-
ture was much redder than that without Ac on day 6 (Fig. 1e).
On day 6, astaxanthin had already spread gradually through-
out the cell in presence of Ac, while only a small amount of
astaxanthin was present in absence of Ac (microscopic obser-
vation of cell morphology, not shown). The algal color and
microscopic observation of cell morphology revealed that the
addition of Ac actually accelerated astaxanthin accumulation,
which was closely associated with pigmental changes.
Therefore, addition of Ac facilitated astaxanthin accumulation
and inhibited chlorophyll biosynthesis at the non-motile stage.

Fig. 1 Effects of different Ac
concentrations (0, 5, 10 mM) on
pigment parameters in
H. pluvialis at the non-motile
stage. a Chlorophyll content. b
Chlorophyll a/b ratio. c
Astaxanthin content. d
Astaxanthin/chlorophyll ratio. e
The algal color of H. pluvialis on
day 6 of incubation.Mean ± SE of
three replicates

Table 1 Temperature and solar radiation in the Yunnan region (China) during astaxanthin accumulation in H. pluvialis

Incubation time
(days)

Temperature (°C) Daylight
hours (h)

Solar radiation (W m−2)

Low High Mean Total solar
radiation

Average solar
radiation

Total photosynthetically
active radiation

Average photosynthetically
active radiation

0 13.8 23.6 18.31 10 6331 633.10 3068 306.80

1 13.9 20.9 18.07 11 5650 513.64 2900 263.64

2 11.9 22.1 17.45 11 6720 610.91 3242 294.73

3 13.2 21.5 18.09 11 6194 563.09 2950 268.18

4 11.2 21.5 16.98 11 6527 593.36 3106 282.36

5 10.5 21.5 16.04 10 4783 478.30 2168 216.80

6 10.5 21.4 17.01 11 6614 601.27 3101 281.91

Mean 11.97 21.93 17.26 10.71 6117 570.52 2933.57 273.49

J Appl Phycol (2019) 31:1001–1008 1003



The actual photochemical efficiency of photosystem II
(PSII) (ΦPSII), an indication of energy in photochemistry
(Zhang et al. 2015), decreased sharply in the initial 2 days of
incubation, and then increased during the incubation (Fig. 2a).
Addition of 10 mM Ac decreased ΦPSII and electron transport
rate (ETR) (data not shown) significantly during the incubation
(P < 0.05). Conversion efficiency of light energy (Fv′/Fm′)
represents energy conversion efficiency of antenna pigments
(Maxwell and Johnson 2000). The changes of Fv′/Fm′ was
similar with changes of ΦPSII, decreased significantly after
1 day in presence of Ac (Fig. 2b). Additional Ac decreased

the fraction of open PSII centers (qL) (Kramer et al. 2004)
significantly after day 3 (P < 0.05) (Fig. 2c).

Changes in the respiratory O2 consumption capacity and
total photosynthetic O2 evolution capacity in the absence or
presence of Ac were detected (Fig. 3). The respiratory O2

consumption capacity without Ac basically maintained con-
stant between 2.83 and 3.44 μmol O2 mg−1Chl min−1 (Fig.
3a). Addition of Ac significantly enhanced respiratory O2 con-
sumption capacity (P < 0.05) after 2 days of incubation. The
respiratory rate increased to 4.16 μmol O2 mg−1Chl min−1

after 6 days when 10 mMAc was supplied (Fig. 3a). The total
O2 evolution capacity steeply decreased in the initial 2 days,
and basically maintained constant thereafter (Fig. 3b).
Addition of Ac decreased the total photosynthetic O2 evolu-
tion capacity significantly after day 4 (P < 0.05).

The effects of Ac on chlorophyll a fluorescence (OJIP)
transients during the incubation are double normalized in
Fig. 4. The addition of Ac changed the OJIP transients after
3 days, indicating that the addition of Ac affected the photo-
synthetic electron transport chain.

The maximal photochemical efficiency of PSII (Fv/Fm) is
an indication of photoinhibition in plants (Takahashi et al.
2009; Zhang et al. 2015). To investigate the effect of addition-
al Ac on the photoprotection capacity at the non-motile stage,
the changes of Fv/Fm in the absence or presence of Ac were

Fig. 2 Effects of Ac on the chlorophyll fluorescence parameters in
H. pluvialis at the non-motile stage. a Actual photochemical efficiency
of PSII (ΦPSII). b Conversion efficiency of light energy (Fv′/Fm′). c The
fraction of open PSII centers (qL). Mean ± SE of three replicates

Fig. 3 Effects of Ac on respiratory O2 consumption capacity (a) and total
photosynthetic O2 evolution capacity (b) ofH. pluvialis at the non-motile
stage. Mean ± SE of three replicates
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measured at predawn (6:00) and at midday (12:00), respec-
tively (Fig. 5). With increased time, the Fv/Fm at predawn
increased in the initial 4 days and then decreased after 4 days
in the absence of Ac. In Ac-treated cells, Fv/Fm at predawn
maintained constant during the initial 4 days and then de-
creased over time after day 4. Compared with the Fv/Fm mea-
sured at predawn, the Fv/Fm at midday declined significantly

in the absence or presence of Ac during the incubation, sug-
gesting that the high light at midday led to photoinhibition.
Compared with the Fv/Fm measured at predawn, the Fv/Fm
value at midday in the absence or presence of Ac decreased
74% and 57%, respectively, after 1 day of incubation, suggest-
ing that the photoinhibition in cells without Ac was more
severe than that in Ac-treated cells.

Non-photochemical quenching (NPQ) is used to indicate
the protective efficiency of the photosynthetic mechanism
(Masojídek et al. 2000); qE and qI are the fast and slow com-
ponent of NPQ, respectively (Fig. 6). Values of NPQ and qE
decreased during the incubation (Fig. 6a, b). In contrast, the qI
value increased sharply over 4 days, then decreased slightly
after day 4 (Fig. 6c). Addition of Ac significantly increased
NPQ and qE during the incubation (P < 0.05). There was no
significant difference in qI values between 0 and 10 mM Ac-
treated cells (P > 0.05).

Discussion

Chlorophyll fluorescence parameters, ΦPSII, ETR, Fv′/Fm′,
and qL in Ac-treated cells significantly decreased compared
with that in cells without Ac (Fig. 2a), suggesting that photo-
synthetic efficiency was restricted in presence of Ac. The
presence of acetate was reported to strongly influence the
photosynthetic fluorescence parameters as well, due to

Fig. 4 The effect of Ac on the
chlorophyll a fluorescence (OJIP)
transients in H. pluvialis at the
non-motile stage

Fig. 5 The effect of Ac on the maximal photochemical efficiency of PSII
(Fv/Fm) in H. pluvialis at the non-motile stage. Samples were taken at
predawn (6:00) with PFD 0 μmol photons m−2 s−1 and at midday (12:00)
with PFD approximately 2300μmol photons m−2 s−1. Mean ± SE of three
replicates
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generation of reducing power in the chloroplast causing a dark
reduction of plastoquinones in Chlamydomonas reinhardtii
(Johnson and Alric 2012). The changes in OJIP transients
(Fig. 4) after 3 days showed that addition of Ac had a direct
effect on the photosynthetic electron transport chain.
Moreover, additional Ac significantly inhibited the total pho-
tosynthetic O2 evolution capacity (Fig. 3b). In contrast, during
astaxanthin accumulation, the respiratory O2 consumption ca-
pacity was significantly enhanced by adding Ac (Fig. 3a) and
thus it can be proposed that Ac was absorbed and utilized by
H. pluvialis as substrate for respiratory metabolism. The sub-
strates for astaxanthin synthesis (glycerate-3-phosphate,

glyceraldehyde-3-phosphate and pyruvate) are derived mainly
from photosynthetic carbon fixation, glycolysis, or from glu-
coneogenesis (Wingler et al. 2000; Zhang et al. 2016a).
Therefore, it is proposed that the enhanced respiration plays
an important role in the acceleration of astaxanthin accumula-
tion in presence of Ac.

Exogenous Ac is transported across the cell membrane by
the proton-linked monocarboxylate transporter protein
(Becker et al. 2005), and then is assimilated to form acetyl
coenzyme A (acetyl-CoA) through the condensation reaction
with coenzyme A, catalyzed by acetyl-CoA synthetase (Ke
et al. 2000; Lin and Oliver 2008; Boyle and Morgan 2009).
After adding Ac, the metabolite flux rate in the glyoxylate
cycle, TCA cycle, and pentose phosphate pathway increases
(Yang et al. 2000, 2002; Hong and Lee 2007; Boyle and
Morgan 2009). These metabolic pathways provide carbon
skeletons and NAD(P)H, which are indispensable for
astaxanthin biosynthesis (Boyle and Morgan 2009; Perez-
Garcia et al. 2011). Exogenous Ac enhances the metabolite
flux rate in fatty acid synthesis inC. reinhardtii as well (Boyle
and Morgan 2009). Accumulation of fatty acids is linearity
correlated with astaxanthin content (Zhekisheva et al. 2002).
Hence, it is postulated that Ac enhanced astaxanthin accumu-
lation in the following ways: (i) increased acetyl-CoA directly
enhanced respiratory rates to provide carbon skeletons and
NAD(P)H for astaxanthin biosynthesis; (ii) increased acetyl-
CoA indirectly enhanced fatty acid synthesis to accelerate
astaxanthin accumulation. Moreover, it was reported that
oxidative stress in Ac-treated H. pluvialis cells played a part
in the posttranslational activation of carotenoid biosynthesis
(Kobayashi et al. 1993). Further studies are needed to address
these possibilities.

Astaxanthin accumulation is usually conducted by high
light induction (Scibilia et al. 2015); however, excess light
energy may accelerate the generation of reactive oxygen spe-
cies (ROS), resulting in photoinhibition (Zhang et al. 2011).
The decrease of Fv/Fm from predawn to midday in absence of
Ac was significantly greater than that in presence of Ac (Fig.
5), indicating the level of photoinhibition decreased after
adding Ac during astaxanthin accumulation. Concurrently,
NPQ can protect photosystems against photoinhibition by
preventing the generation of ROS caused by excess light
(Niyogi 2000). qE is the main component of NPQ, controlled
by the xanthophyll cycle, dissipating excess absorbed light
energy in PSII; qI is to quantify energy trapped in closed
reaction center of PSII during thermal dissipation processes
(Masojídek et al. 2000; Zhang et al. 2017b). During
astaxanthin accumulation, NPQ and qE were significantly en-
hanced by addition of Ac (Fig. 6a, b), suggesting that addi-
tional Ac induced a protective mechanism to protect cells
against photoinhibition. However, the precise mechanisms in
enhancemen t o f a s t axan th in accumula t ion and
photoprotection capacity, and the interrelation between

Fig. 6 Effects of Ac on NPQ (non-photochemical quenching), qE (fast
component of NPQ), and qI (slow component of NPQ) during
astaxanthin accumulation in H. pluvialis. Mean ± SE of three replicates
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increased astaxanthin accumulation and enhanced
photoprotection capacity after adding Ac at the non-motile
stage have not been clarified. Further studies are needed to
address these questions.

Conclusion

Exogenous sodium acetate (Ac) significantly accelerated
astaxanthin accumulation in H. pluvialis at the non-motile
stage. Exogenous Ac suppressed photosynthetic activity and
facilitated respiratory activity. It can be speculated that the
enhanced respiration plays an important role in acceleration
of astaxanthin accumulation after adding Ac. Moreover, the
level of photoinhibition decreased after adding Ac during
astaxanthin accumulation. Concurrently, NPQ increased sig-
nificantly with additional Ac, indicating additional Ac in-
duced a mechanism to protect H. pluvialis cells against
photoinhibition. Taken together, exogenous Ac enhances
astaxanthin accumulation and photoprotection capacity in
H. pluvialis at the non-motile stage.
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