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Abstract: Microalgae have long been used for the commercial production of natural colorants such
as carotenoids and chlorophyll. Due to the rising demand for carotenoids and other natural products
from microalgae, strategies to increase production efficiency are urgently needed. The production
of microalgal biorefineries has been limited to countries with moderate climates. For countries
with cooler climates and less daylight, methodologies for the efficient production of microalgal
biorefineries need to be investigated. Algal strains that can be safely consumed as whole cells are
also attractive alternatives for developing as carotenoid supplements, which can also contain other
compounds with health benefits. Using such strains helps to eliminate the need for hazardous
solvents for extraction and several other complicated steps. In this study, the mesophilic green
alga Chlamydomonas reinhardtii was employed to study the effects of cold stress on cell physiology
and the production of pigments and storage compounds. The results showed that temperatures
between 10 and 20 ◦C induced carotenoid and chlorophyll accumulation in the wild-type strain
of C. reinhardtii. Interestingly, the increased level of carotenoids suggested that they might play a
crucial role in cold stress acclimation. A temperature of 15 ◦C resulted in the highest carotenoid
and chlorophyll productivity. At this temperature, carotenoid and chlorophyll productivity was
2 times and 1.3 times higher than at 25 ◦C, respectively. Subjecting a mutant defective in lutein and
zeaxanthin accumulation to cold stress revealed that these two carotenoids are not essential for cold
stress survival. Therefore, cold temperature could be used as a strategy to induce and increase the
productivity of pigments in C. reinhardtii.
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1. Introduction

Cold stress is one of the major environmental stresses that limit the growth and
development of plants and algae [1–3]. To maintain cellular activities under cold stress,
cells require several protective physiological and morphological mechanisms, including
the synthesis of pigments. Carotenoids are 40-carbon tetraterpene pigments synthesized
in plants, algae, and some fungi. In photosynthetic organisms, they function as accessory
pigments and as a crucial antioxidant for neutralizing free radicals. In humans, carotenoids
act as a precursor for vitamin A synthesis. They are effective antioxidants and possess
cancer-preventive activity [4]. In the industrial sector, carotenoids are used as colorants in
food and beverages [5]. Humans cannot synthesize carotenoids but must obtain them from
food sources. As synthetic carotenoids are less effective in terms of their health-promoting
properties, there is a steeply rising demand for natural carotenoids [6]. Strategies for
improving the production of natural carotenoids are therefore necessary.

One of the most widely known carotenoid supplements is β-carotene. Currently,
97–98% of β-carotene in the market is in synthetic form [7]. However, a natural form of β-
carotene, which is composed of both all-trans and 9-cis isomers as opposed to the all-trans
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isomer in synthetic form, possesses more beneficial properties [6]. A major source of natural
β-carotene extract is Dunaliella salina, a microalga that is highly salt tolerant. Production of
this carotenoid involves growing cells in a nutrient-rich medium to obtain a large amount
of biomass, then introducing nutrient stress to induce β-carotene accumulation, followed
by extraction and purification [8,9].

Chlorophyll is the major photosynthetic pigment that harvests light energy. In green
algae, two main types of chlorophyll exist, which are chlorophyll a and chlorophyll b. Other
than its main function in the photosystems, chlorophyll is one of the high value bioactive
compounds that can be extracted for use as a health supplement [10]. Chlorophyllin, a
chlorophyll derivative, is also used as a food colorant and a supplement [11]. The potential
health benefits of a diet rich in chlorophylls were indicated in a recent study and include
ulcer healing, antioxidant activity, and antiviral activity [12].

Chlamydomonas reinhardtii is a mesophilic green alga that has long been used as a
model organism for studying various biological processes [9]. Its ease of cultivation,
rapid doubling time, the ability to grow heterotrophically, and the availability of genome
sequencing and molecular tools have popularized this alga in recent years. It has been
suggested as an excellent system for the production of carotenoids and chlorophyll [13,14].
Interestingly, Chlamydomonas was recently categorized under Generally Regarded as Safe
(GRAS) status for human consumption [8]. Reports from studies in mice and humans have
shown that regular consumption of this alga improves the digestive and excretory system,
while no genotoxicity or any side effects were found [15,16]. The idea of developing this
alga as a food supplement in whole cell form has been suggested. In fact, it was recently
reported that Chlamydomonas possesses a higher potential as a food supplement than the
well-known Chlorella and Spirulina [17].

Carotenoid accumulation has been reported to be induced by cold temperature in
plants and Streptophycean green algae [18,19]. With some parts of the world experiencing
a cooler climate either in the winter season or all year long, finding conditions that allow
carotenoid production in such suboptimal conditions is beneficial for better use of the land
area. More importantly, using algal strains that are safe to consume as whole cells is an
attractive alternative approach for producing high-value products. Complicated steps for
extraction can be eliminated and packaging can be simplified, thus reducing production
costs. In addition, eliminating the use of hazardous solvents for extraction is more attractive
for the environment and is safer for consumption in the eye of the consumer.

Certain types of carotenoids might be required for survival of microalgae under a
specific stress. For example, lutein and zeaxanthin together were shown to be required for
the survival of C. reinhardtii under high light stress [20]. Under this condition, the npq1
lor1 mutant C. reinhardtii lacking these two carotenoids bleached and died [20]. Moreover,
the lack of lutein in this mutant was compensated by overaccumulation of β-carotene [21].
There is very little information regarding the response of mesophilic green algae to cold
treatment in the literature, and whether or not lutein and zeaxanthin are also required
for cold stress survival is not known. In this work, the physiological responses of the
mesophilic green alga C. reinhardtii to cold temperature, ranging from 5 ◦C to 25 ◦C, were
explored. Our results suggest that cultivation of C. reinhardtii under cold temperature can
be used to increase the productivity of biomass and pigments.

2. Materials and Methods
2.1. Algal Strains and Culture Conditions

C. reinhardtii wild-type 4A+ and the npq1lor1 mutant strains were provided by Prof.
Krishna Niyogi (University of California, Berkeley). Cultures were grown in Tris-acetate-
phosphate (TAP) medium under constant illumination at 50 µmol photons m−2 s−1 at
25 ◦C. Log phase cultures were diluted to a density of 2 × 106 cells mL−1. To investigate
the effect of cold stress on the growth of Chlamydomonas, cells were incubated under 5 ◦C,
10 ◦C, 15 ◦C, 20 ◦C, and 25 ◦C and growth was monitored over the course of 72 h. Cultures
were placed in the dark under the indicated temperature by wrapping the flasks with



Agriculture 2021, 11, 564 3 of 11

aluminium foil. Cells were collected at the indicated time points and stored at −80 ◦C
until used.

2.2. Growth and Biomass Measurement

Log phase cultures were diluted to a density of 0.5 × 106 cells mL−1. These cultures
were incubated under 5 ◦C, 10 ◦C, 15 ◦C, 20 ◦C, and 25 ◦C in the dark. Sampling was
performed at 0, 24, 48, and 72 h by taking 1 mL of each culture and measuring the optical
density at 750 nm.

To determine the biomass dry weight, 100 mL of culture was harvested and centrifuged
at 7500 rpm for 5 min. The supernatant was discarded, and the pellet was dried at 105 ◦C
for 24 h, cooled to room temperature, and weighed.

2.3. Photosynthetic Pigment Content

The photosynthetic pigments were extracted from 1 mL of culture using 1 mL of 80%
acetone. The mixture was extracted by vortexing the cells until the pellets were white. The
supernatant was assayed spectrophotometrically, and the quantity of the pigment was
calculated based on a previously reported formula [22].

2.4. Starch and Lipid Production

Cells were harvested and lyophilized at −50 ◦C. Twenty to thirty milligrams of each
sample were sonicated for 15 min. Starch was measured using the Total Starch (AA/AMG)
assay kit from Megazyme (Ireland), according to the manufacturer’s protocols for starch
samples that also contain D-glucose [23]. The total lipid was quantified using Vanillin
assay [24].

2.5. Calculation of Productivities

Volumetric biomass productivity PBiomass (g L−1 day−1) was calculated based on
a previously reported formula (equation 1) [25]. The productivity of starch, lipid, and
pigments were calculated by

Pstarch,lipid,chlorophylll,carotenoid = PBiomass × Cf (1)

where PBiomass is productivity of biomass; and Cf is the final content of starch, lipid,
chlorophyll, or carotenoids, and was given as percent dry weight.

2.6. Statistical Analysis

For comparison of cell density, total lipid, starch, and pigment content of the wild-type
cells cultivated at various temperature, the temperature of 25 ◦C was used as a control.
Statistical analyses were conducted using the SPSS version 22.0. Analysis of variance
(ANOVA) was calculated to determine statistical significance (p < 0.05). For comparison of
the wild-type stain and the npq1 lor1 mutant strain, the Student’s t-test was used to calculate
significant difference (p < 0.05). All experiments were performed with three biological
replicates and the results are expressed as mean values ± standard deviation (SD).

3. Results and Discussion
3.1. Effect of Hypothermal Stress on Growth of WT

Low temperature can have negative impacts on the growth and productivity of plants
and algae [1–3]. Compared to plants, little information is known about the physiological
responses of microalgae under cold stress. Under 5 ◦C, no growth was observed as
indicated by a flat line (Figure 1). A previous study also found that under this temperature,
Chlamydomonas cells did not show a significant increase in cell density but an increase in
cell volume was observed [26]. At 10 ◦C, cells densities were similar to those at 5 ◦C with
slightly higher values at 48 and 72 h. Cells cultivated under 15 ◦C grew at the same rate
as the 25 ◦C control in the first 48 h. At 72 h, cells under this condition grew slightly but
significantly better than the control. Interestingly, the best temperature for growth was
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at 20 ◦C where the density was significantly higher than at the 25 ◦C control at all time
points. In terms of biomass productivity, the temperature of 20 ◦C was best and slightly
better than the 25 ◦C control (Table 1). The temperatures of 10 ◦C and 15 ◦C gave similar
productivity, which was slightly lower than that of the control. The results are in line with
several previous studies in microalgae that have reported optimal growth temperatures in
the range of 15 ◦C–25 ◦C, while there is a sharp decrease in growth below 10 ◦C [27–29].

Agriculture 2021, 11, x FOR PEER REVIEW 4 of 11 
 

 

in cell volume was observed [26]. At 10 °C, cells densities were similar to those at 5 °C 
with slightly higher values at 48 and 72 h. Cells cultivated under 15 °C grew at the same 
rate as the 25 °C control in the first 48 h. At 72 h, cells under this condition grew slightly 
but significantly better than the control. Interestingly, the best temperature for growth 
was at 20 °C where the density was significantly higher than at the 25 °C control at all time 
points. In terms of biomass productivity, the temperature of 20 °C was best and slightly 
better than the 25 °C control (Table 1). The temperatures of 10 °C and 15 °C gave similar 
productivity, which was slightly lower than that of the control. The results are in line with 
several previous studies in microalgae that have reported optimal growth temperatures 
in the range of 15 °C–25 °C, while there is a sharp decrease in growth below 10 °C [27–29]. 

Table 1. The productivity of biomass, starch, lipid, chlorophyll, and carotenoids. All data are 
means ± SD of three biological replicates. Significant differences between 25 °C and each tempera-
ture are indicated by asterisks (*) (p < 0.05). 

 
Productivity 

5 °C 10 °C 15 °C 20 °C 25 °C 

Biomass 
(g L−1 day−1) 

1.23 ± 0.08 * 1.75 ± 0.11 * 1.76 ± 0.14 * 2.01 ± 0.09 * 1.95 ± 0.06 

Starch 
(mg L−1 day−1) 54.97 ± 2.15 * 94.59 ± 3.27 124.24 ± 4.21 * 135.00 ± 5.62 * 100.00 ± 4.43 

Lipid 
(mg L−1 day−1) 

163.73 ± 4.28 * 499.98 ± 3.76 * 256.38 ± 2.54 * 871.58 ± 5.94 * 1016.99 ± 4.11 

Chlorophyll 
(mg L−1 day−1) 31.79 ± 1.15 * 43.39 ± 0.97 55.18 ± 2.01 * 48.83 ± 1.96 * 40.37 ± 1.41 

Carotenoids 
(mg L−1 day−1) 7.09 ± 0.19 9.80 ± 0.51 * 13.48 ± 0.32 * 10.55 ± 0.08 * 6.69 ± 0.41 

 
Figure 1. Growth of C. reinhardtii under different temperatures. All data are means ± SD of three 
biological replicates. Different lowercase letters indicate significant differences between 25 °C and 
each temperature (p < 0.05). 

Figure 1. Growth of C. reinhardtii under different temperatures. All data are means ± SD of three biological replicates.
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Table 1. The productivity of biomass, starch, lipid, chlorophyll, and carotenoids. All data are means ± SD of three biological
replicates. Significant differences between 25 ◦C and each temperature are indicated by asterisks (*) (p < 0.05).

Productivity

5 ◦C 10 ◦C 15 ◦C 20 ◦C 25 ◦C

Biomass
(g L−1 day−1) 1.23 ± 0.08 * 1.75 ± 0.11 * 1.76 ± 0.14 * 2.01 ± 0.09 * 1.95 ± 0.06

Starch
(mg L−1 day−1) 54.97 ± 2.15 * 94.59 ± 3.27 124.24 ± 4.21 * 135.00 ± 5.62 * 100.00 ± 4.43

Lipid
(mg L−1 day−1) 163.73 ± 4.28 * 499.98 ± 3.76 * 256.38 ± 2.54 * 871.58 ± 5.94 * 1016.99 ± 4.11

Chlorophyll
(mg L−1 day−1) 31.79 ± 1.15 * 43.39 ± 0.97 55.18 ± 2.01 * 48.83 ± 1.96 * 40.37 ± 1.41

Carotenoids
(mg L−1 day−1) 7.09 ± 0.19 9.80 ± 0.51 * 13.48 ± 0.32 * 10.55 ± 0.08 * 6.69 ± 0.41

In the past decade, the utilization of microalgae for biomass, biofuels, and bioproducts
has grown tremendously. Nevertheless, many microalgal products, especially oil for
biofuels, are still far from commercial realization due to the cost of production. Moreover,
for countries situated in the Northern Hemisphere, a major factor that hinders algal growth
in open raceway ponds is a seasonal limitation for optimal growth [30–32]. If cultivation
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can be performed under sub-optimal temperatures by shifting to a different product that
accumulates better under this condition, there will be a better use of facilities and land
area. Approaches to improve growth under cold temperatures have also been reported.
For example, a study of C. zofingiensis was performed by regulating pH with acetic acid to
improve growth efficiency in winter in artificial wastewater [33].

3.2. Energy Storage Compounds of WT under Hypothermal Stress

Under abiotic stresses, microalgae accumulate lipids and starch for a storage com-
pound as a crucial part of their survival mechanism [34]. Starch is known as a primary
carbon and energy storage [33,35]. It is known to be essential for cell division even in the
dark [36]. In this study, both lipids and starch levels were measured over the course of
72 h under hypothermal stress. In the range of 5–15 ◦C, the lower the temperature, the
lower the levels of both compounds observed (Figure 2A,B). At 20 ◦C, the level of lipids
was lower than at 25 ◦C except at 48 h where the level at 20 ◦C was significantly higher
(Figure 2A). For starch, the level at 20 ◦C was generally higher than that of the control at
25 ◦C (Figure 2B). By comparing both lipids and starch, it was clear that starch level showed
a greater increase over the course of 72 h. When calculated in terms of productivity over
the entire three days, lipid productivity peaked at 25 ◦C and low temperature decreased its
productivity (Table 1). In contrast, the productivity of starch was highest at 20 ◦C followed
by 15 ◦C. Therefore, cold temperatures increased the accumulation of starch but decreased
total lipid accumulation.
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Metabolomic and proteomic data of Chlamydomonas treated with cold stress at 5 ◦C
revealed that gluconeogenesis and starch synthesis were activated, leading to starch accu-
mulation [26]. In our study, cold temperatures at 15 ◦C and 20 ◦C resulted in higher starch
productivity compared to at 25 ◦C (Table 1). In the case of lipids, treating Chlamydomonas
with cold stress at 5 ◦C resulted in a decrease in lipid fraction [26]. Our results also showed
that the production of lipid decreased with low temperature (Table 1).

3.3. Photosynthetic Pigment Accumulation of WT under Hypothermal Stress

Even though algal responses to many abiotic stresses have been reported, cold stress
has not been extensively explored in terms of pigment production. From the culture
subjected to different cold temperatures, the levels of the main pigments, chlorophyll and
carotenoids, were monitored. A sharp decrease in the levels of both pigments was observed
in cells grown under 5 ◦C in the first 48 h, with a slight recovery at 72 h (Figure 3A,B). At
25 ◦C, the levels of both pigments were stabilized. Interestingly, the level of chlorophyll



Agriculture 2021, 11, 564 6 of 11

slightly increased at 10 ◦C and 20 ◦C but exhibited a steep increase starting at the first
6 h when cells were subjected to 15 ◦C treatment (Figure 3A). In the case of carotenoids,
a chilling temperature between 10 and 20 ◦C led to a significant increase in this pigment
compared to the control. The productivity of both chlorophyll and carotenoid were best at
15 ◦C followed by 20 ◦C (Table 1).
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Previous studies have shown that cold-exposed green algae significantly increased
the content of photoprotective pigments such as antheraxanthin, zeaxanthin, and total
carotenoids [18,37]. In the diatom Skeletonema costatum, the chlorophyll content also in-
creased with a lower growth temperature [38]. Under cold stress in the presence of light,
several factors such as higher oxygen solubility, overreduction of the electron transport
chain in the chloroplasts, and mitochondria contribute to increased levels of reactive oxygen
species (ROS) [39,40]. In fact, cold stress led to ROS accumulation in plants and Chlamy-
domonas [41–44]. Furthermore, ROS have been reported to induce carotenoid biosynthesis
gene expressions, leading to carotenoid accumulation in Chlamydomonas, Dunaliella, and
Haematococcus [26,45]. Even though a major site of ROS production in green algae is the
chloroplast, there will still be ROS generated in the dark, mainly through the mitochondria.
Because carotenoids are non-enzymatic antioxidants that can effectively sequester ROS [46],
carotenoid accumulation is crucial for ROS elimination under cold stress. In fact, a study
has reported that cold and dark treatments increased carotenoid content in Nannochloropsis
oceanica [47]. Moreover, C. zofingiensis cultivated in the dark was able to produce high
level of astaxanthin [48]. Other than photosynthetic organisms, a recent report into the
bacterium Staphylococcus xylosus also showed that carotenoids play an important role in
cold adaptation through the regulation of membrane fluidity [49]. Taken together, these
studies suggest that carotenoids are crucial in the cold adaptation mechanism.

3.4. Responses of the npq1lor1 Mutant to Cold Stress

In Chlamydomonas, the two major carotenoids are lutein and β-carotene, which are
on the α-branch and the β-branch, respectively [14,21]. β-carotene is a precursor of zeax-
anthin, which, together with lutein, has been shown to be essential for high light stress
survival [20]. A previously characterized mutant npq1 lor1, which is defective in both lutein
and zeaxanthin synthesis (Figure 4) [21], was then employed to investigate the importance
of these carotenoids on cold acclimation. Additionally, this mutant accumulated a double
level of β-carotene to compensate for the loss of lutein on the α-branch [20,21]. Similar
compensation was also shown in the cyanobacterium Synechocystis sp. PCC6803. Deficient
in xanthophylls, it increased the content of β-carotene as compensation (Figure 4) [50].



Agriculture 2021, 11, 564 7 of 11

In Arabidopsis lut2 mutants deficient in lutein, a higher accumulation of β-carotene was
observed [51]. Therefore, this characteristic makes it an attractive strain for improved
β-carotene production.
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Figure 4. Simplified pathways for carotenoid synthesis and xanthophyll cycle in npq1 lor1 mutant
(VDE; violaxanthin de-epoxidase).

Growth and pigment accumulation were monitored in npq1 lor1 and compared to
the WT over the course of 72 h under different temperatures. There was essentially no
difference in cell density between the two strains under all temperatures (Figure 5A).
In contrast, WT seemed to exhibit higher chlorophyll content under all temperatures,
especially at 25 ◦C where the differences between the two strains were significant at all time
points (Figure 5B). Similarly, the carotenoid content of the WT was higher than that of the
mutant at 20 ◦C and at 25 ◦C, except at 72 h at 20 ◦C where the content of the two strains
were similar (Figure 5C). Interestingly, at lower temperatures of 5 ◦C, 10 ◦C, and 15 ◦C, the
carotenoid content of the two strains were similar except at the end of experiment at 10 ◦C,
and at 15 ◦C where the carotenoid level of the WT was higher than that of the mutant
(Figure 5C).

These results suggest that the lack of lutein and zeaxanthin did not have a significant
effect on survival and growth under hypothermal stress of Chlamydomonas. Lutein and
zeaxanthin function in the chloroplasts and have been shown to be crucial for photoprotec-
tion mechanisms in Chlamydomonas [20]. Because our studies were performed in the dark,
the ROS generated from the chloroplasts can be neglected. Interestingly, a similar mutant in
Arabidopsis, npq1lut2, lacking zeaxanthin and lutein was able to survive high light treatment
even in the presence of cold temperature [52,53]. Therefore, the requirement of certain
carotenoids for different stresses could be different between algae and higher plants.
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4. Conclusions

The effects of cold temperature on cell physiology, especially pigment accumulation,
was investigated in the mesophilic green alga Chlamydomonas reinhardtii. Cold temperature
induced hyperaccumulation of chlorophyll and carotenoids. A temperature of 15 ◦C was
the best temperature for carotenoid and chlorophyll productivity, whereas 20 ◦C was
the best for biomass production. The lack of lutein and zeaxanthin did not result in a
difference in cell survival under cold stress. Therefore, cold stress can be used to increase
pigment yield in Chlamydomonas, and the carotenoid pigments lutein and zeaxanthin are
not required for survival under this condition.
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