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Circadian rhythm promotes the biomass 
and amylose hyperaccumulation by mixotrophic 
cultivation of marine microalga Platymonas 
helgolandica
Qianwen Shi1, Cheng Chen1, Tingwei He3 and Jianhua Fan1,2,4* 

Abstract 

Background: Microalgal starch can be exploited for bioenergy, food, and bioplastics. Production of starch by green 
algae has been concerned for many years. Currently commonly used methods such as nutrient stress will affect cell 
growth, thereby inhibiting the production efficiency and quality of starch production. Simpler and more efficient 
control strategies need to be developed.

Result: We proposed a novel regulation method to promote the growth and starch accumulation by a newly 
isolated Chlorophyta Platymonas helgolandica. By adding exogenous glucose and controlling the appropriate 
circadian light and dark time, the highest dry weight accumulation 6.53 g  L−1 (Light:Dark = 12:12) can be achieved, 
and the highest starch concentration could reach 3.88 g  L−1 (Light:Dark = 6:18). The highest production rate was 
0.40 g  L−1  d−1 after 9 days of production. And this method helps to improve the ability to produce amylose, with 
the highest accumulation of 39.79% DW amylose. We also discussed the possible mechanism of this phenomenon 
through revealing changes in the mRNA levels of key genes.

Conclusion: This study provides a new idea to regulate the production of amylose by green algae. For the first time, 
it is proposed to combine organic carbon source addition and circadian rhythm regulation to increase the starch 
production from marine green alga. A new starch-producing microalga has been isolated that can efficiently utilize 
organic matter and grow with or without photosynthesis.
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Background
Microalgae refers to a class of low-grade, autotrophic 
aquatic microorganisms, a relatively low-level group 
of microscopic single-cell populations. Microalgae can 
use light and carbon dioxide for photosynthesis, release 
oxygen and synthesize organic substances at the same 

time. It is one of the biological groups with the highest 
photosynthetic efficiency in nature. Microalgae can pro-
vide many metabolites with commercial value, such as 
lipid, starch, polysaccharide and phycobiliprotein [1, 2]. 
Starch is the main carbohydrate storage method of many 
microalgae, and it is not only important caloric compo-
nent of food, but also industrial material [3]. In Chloro-
phyta, starch accumulation is especially abundant. Since 
the structure of starch produced by microalgae is similar 
to plant starch, it is often considered as a substitute for 
plant starch in food, bio-based chemicals (biological plas-
tics, etc.), and bioenergy (bioethanol, biohydrogen, etc.) 
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[4–6]. Due to the rapid growth of microalgae, high pho-
tosynthetic efficiency and  CO2 fixation capacity, as well 
as the saving of arable land, it has attracted more atten-
tion in recent years [6, 7].

The accumulation of starch in microalgae can be pro-
moted by various means. In the past few years, the 
commonly used methods are mainly the regulation of 
nutrient elements, such as changes in nitrogen, phos-
phorus, and sulfur [8–10]. Nitrogen deficiency/limitation 
was the most commonly used strategy in Chlorophyta, 
and could often make the starch accumulation reach 
more than 50% of the dry weight (DW) [11]. However, 
nutritional stress can inhibit the growth of algae cells 
and limit the rate of starch production. In recent years, 
it was found that microalgae cells cultured under mixo-
trophic or heterotrophic conditions with the addition of 
exogenous carbon sources can accumulate large amount 
of useful metabolites, including starch [12]. It has been 
found that many kinds of Chlorophyta can grow mixo-
trophically/heterotrophically [13, 14]. The available car-
bon sources include glucose, acetic acid/acetate, glycerol 
and so on. The addition of high-concentration acetate in 
Chlamydomonas reinhardtii culture results in increased 
dry weight and accumulation of multiple biomass com-
ponents (including starch, fatty acids, proteins, etc.) 
compared with adding low-concentration acetate [15]. 
Another most often used is glucose. However, the use of 
glucose for long-term culture will increase the cost, not 
to mention the risk of infection [14, 16, 17].

The production rate is very important in starch produc-
tion. It can be achieved by increasing the growth rate of 
algae. Optimizing the culture medium and culture con-
ditions is the most used method [10, 18, 19]. Usually in 
laboratory culture, in order to pursue continuous growth 
of cells, continuous light is often adopted, while ignoring 
the influence of natural laws such as cell cycle and circa-
dian rhythm. Due to the energy storage function of starch 
in the cell cycle of microalgae, the simultaneous cultiva-
tion of some Chlorophyta can promote the accumulation 
of starch [20–22]. At the same time, the combined effect 
of light conditions and external carbon sources cannot 
be ignored. Study in Chlorella zofingiensis showed that 
light and non-light conditions can regulate cells to con-
verse added glucose to starch or lipids [23]. Up to now, 
research on cell cycle and starch production mainly 
focuses on its biological value, and few studies have used 
light–dark cycles as a control method to promote starch 
accumulation [11].

Platymonas helgolandica var. tsingtaoensis (P. helgo-
landica) is a unique species of Chlorophyta that grows 
in the coastal waters of China (Additional file 1: Fig. S1). 
It is currently commonly used as a bait for shrimp and 
shellfish. This study aimed to develop a new and simple 

regulation method to produce high-quality starch using 
P. helgolandica, and to provide new ideas for optimizing 
the starch production efficiency of green algae. This study 
firstly confirmed that P. helgolandica can use glucose for 
both mixotrophic and heterotrophic culture, and for the 
first time through the addition of both exogenous car-
bon sources and the regulation of circadian rhythms, the 
growth and starch (mostly amylose) production capacity 
of P. helgolandica was greatly improved. The produced 
starch can be used as a potential substitute for food 
starch, and can also be used to produce clean energy such 
as bioethanol and biohydrogen.

Results and discussion
Glucose benefits growth and starch accumulation in P. 
helgolandica
In order to explore whether glucose can promote the 
growth of P. helgolandica, glucose was added to the 
culture to a final concentration of 0, 2, 5, and 10 g   L−1, 
and the growth parameters were measured under mixo-
trophic culture (continuously illuminated) during the 
cultivation process (Fig. 1).

In the early growth period, the higher the glucose con-
centration was, the more obvious the promotion of the 
growth rate was (Fig. 1A–C). In the late growth period, 
the approximate absorbance and dry weight can be 
achieved. The dry weight accumulation was highest in the 
presence of 10 g  L−1 glucose, which can reach 3.31 g  L−1 
(Fig. 1C). According to the cell number curve, in the early 
stage of culture, the accumulation of dry weight mainly 
come from the increase of cell number; however, in the 
later stage of culture (after 6  days), the increase of cell 
number slowed down, whereas the dry weight continued 
to increase. The change of glucose concentration in the 
culture supernatant was measured (Fig.  1F). After one 
day of culture, the glucose concentration changed dras-
tically (reduced by 90%), and the change was relatively 
small in the later period of the culture. These results 
prove that glucose can indeed promote the growth of P. 
helgolandica.

In addition to promoting growth, the presence of 
glucose also promotes the accumulation of carbohy-
drates (mainly starch). We determined the changes in 
starch accumulation during the growth of P. helgolan-
dica (Fig.  1D, E). During the culture process, the con-
centration of starch in the culture continued to rise. The 
starch concentration in the control group (glucose free) 
increased very slowly during the rapid growth period 
(1–6  days). The three groups with glucose accumulated 
starch while growing rapidly, indicating that glucose pro-
vides extra energy. The cell number continued to increase 
rapidly within 6 days, and slowed down after 6 days, but 
the dry weight continued to increase. The proportion 
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of starch in dry weight gradually increases with growth 
time, and can accumulate up to 30.21% of dry weight 
(5  g   L−1 glucose), increasing by 60% (p < 0.05) com-
pared to the control group. The concentration of starch 
of the 10 g  L−1 glucose group is the highest (0.91 g  L−1), 
increasing by 167% compared to the control group. After 
12  days, the dry weight stopped increasing and starch 
accumulation reached its peak.

Tetraselmis spp. is considered as a dominant group of 
green microalgae to produce starch. Its allied species T. 
subcordiformis tends to accumulate starch when exposed 
to stress, compound stimulation, etc. [8]. According to 
previous reports, other species of the genus Tetraselmis 
can also use glucose for growth. In general, the increase 
in glucose concentration can better promote the dry 
weight accumulation of Tetraselmis. However, the pro-
motion effect becomes insignificant after a certain con-
centration (≥ 10 g  L−1) [14]. In other species, the addition 
of glucose will increase the accumulation of different bio-
mass, such as lipids [24] and proteins [25]. However, P. 
helgolandica accumulated starch relatively uniquely.

Glucose can be used as an exogenous organic sub-
strate for the culture of P. helgolandica, and can strongly 
promote the growth and biomass accumulation. In the 
subsequent cultivation, 10  g   L−1 glucose was added to 
the KWF medium. Glucose can support the growth of 

P. helgolandica in different culture modes (Fig. 2). Add-
ing glucose for mixotrophic cultivation can significantly 
increase the growth rate of P. helgolandica and accumu-
late a higher dry weight (3.13 g   L−1). The heterotrophic 
cultivation with continuous darkness can also promote 
the dry weight accumulation (2.67  g   L−1). Compared 
with the continuous light autotrophic cultivation, the dry 
weight increased by 125% and 92%, respectively. Under 
heterotrophic conditions, the number of algae cells is 
relatively small, but the cell size and weight increased, 
resulting in an increase in dry weight accumulation 
(Fig. 2A–C). This should be attributed to the fact that the 
algae cells accumulated more starch (Fig. 2A). It can be 
seen that the size and number of starch granules in the 
cells under mixotrophic culture is between that of the 
autotrophic and heterotrophic cultured cells. In addition, 
the cell morphological changes during mixotrophic and 
heterotrophic culture, and we observed that the cell wall 
became not as smooth as autotrophic cultured cells, and 
even a multi-layered wall structure appeared (Fig.  2A). 
This may reflect the transformation of the cells into a 
special nutritive cell morphology called akinete [26].

The final starch accumulation can reach 61.82% of the 
dry weight, which is 102% higher than continuous light 
mixotrophic cultivation and 201% than autotrophic culti-
vation (Fig. 2F). The concentration of starch in the culture 

Fig. 1 The effect of adding glucose on the growth performance of P. helgolandica. A Absorbance value of 680 nm; B cell number; C dry weight; D 
starch concentration in cultures; E the ratio of starch accumulation in cells to dry weight; F glucose consumption in culture supernatant
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can reach 1.65  g   L−1 (Fig.  2E). The algae culture under 
heterotrophic conditions was yellow-green (Fig. 2A), and 
the determination of chlorophyll reflects that the algae 
cells under heterotrophic cultivation contain very little 
chlorophyll (Fig. 2D).

The regulation of circadian rhythm affects the growth 
and promotes starch hyperaccumulation in P. helgolandica
Glucose can be used as an exogenous organic carbon 
source to promote the growth and starch accumulation 
of P. helgolandica under different culture conditions. 
Although in the heterotrophic cultivation, the algae cells 
can accumulate starch by about 60% of the dry weight, 
which is relatively high, the cells are not growing fast 
enough. Therefore, the rate of starch production is not 
high enough, which greatly limits the use of this algae 
to produce starch. The circadian rhythm is an important 
factor affecting the growth of green algae. Therefore, dif-
ferent circadian rhythms (L:D = 18:6, 12:12, 6:18) were 
used for the cultivation of P. helgolandica, and samples 
were taken over time to determine growth and related 
parameters (Fig. 3). All experimental groups in this sec-
tion are cultured with 10 g  L−1 glucose.

The existence of circadian rhythm greatly promoted 
the growth of P. helgolandica (Fig. 3A, B). Among them, 

L:D = 12:12 (h) has the strongest promotion of cell pop-
ulation. The three rhythm patterns can promote the 
accumulation of dry weight, the highest of which is the 
12:12 group. Under this rhythm the dry weight can reach 
6.53  g   L−1, which is 104% higher than the dry weight 
accumulated under continuous illumination. When the 
circadian rhythm is L:D = 6:18 (h), the algae can accumu-
late the most starch. It accounts for 61.09% of dry weight, 
which was 128% higher than 24:0 group (Fig.  3E). The 
highest starch concentration and highest yield are rela-
tively 3.88 g  L−1 (day 12) and 0.40 g  L−1  d−1 (day 9), 351% 
and 460% improved separately (Fig. 3D–F). It proves that 
the circadian rhythm is an important factor to promote 
the growth and the accumulation of starch in P. helgolan-
dica. The kinetic parameters for growth and starch accu-
mulation are listed in Table 1.

In order to further evaluate the quality of the starch 
produced, the content of amylose (Am) and amylopec-
tin (Ap) in the starch was determined. Starch is the main 
storage carbohydrate in plants and some algae. Usually 
amylose accounts for < 35% of most natural starches, and 
the rest is amylopectin [27]. Amylose-rich starch is ben-
eficial to lower digestive tract health when used as food 
[28], and is also suitable as a biodegradable plastic sub-
stitute [29]. We found that this strain of P. helgolandica 

Fig. 2 The effect of different culture modes on the growth of P. helgolandica. A Transmission electron microscopy (TEM) pictures of cells under 
different culture conditions and colors of cultures, scare bar for autotrophy and mixotrophy is 2 μm, for heterotrophy is 5 μm; B absorbance value 
of 680 nm; C dry weight; D chlorophyll concentration; E starch concentration in cultures; F the ratio of starch accumulation in cells to dry weight, 
lower-case letters represent significant differences (p < 0.05)
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naturally accumulates much amylose. Under continuous 
light autotrophic culture, the ratio of Am and Ap (Am/
Ap) is usually close to 1:1 (amylose ratio ≈ 50% TS). After 
the addition of glucose, there was no significant dif-
ference in Am/Ap (p > 0.05) regardless of whether it is 
mixotrophic (continuous light) or heterotrophic (contin-
uous darkness) cultured. When cultured under circadian 
rhythm with glucose added, Am/Ap increased signifi-
cantly (p < 0.05) (Table  2). In P. helgolandica, a cycle of 
L:D = 6:18 (h) can carry out 39.79% DW of amylose. The 

yield of amylose on glucose could reach 0.28  gAm·gGlc
−1 

under this cycle (Table  1). It has long been reported in 
rice and other plants that the expression of gbss, a gene 
related to amylose synthesis, is related to carbon sources 
and circadian rhythms. Sugar, especially glucose, strongly 
promotes the expression of gbss. At the same time, an 
appropriate photoperiod will also promote the expres-
sion of gbss [30].

Compared with the commonly used meth-
ods of nutritional stress in starch production, 

Fig. 3 The effect of circadian rhythm on the growth and starch accumulation of P. helgolandica. A Absorbance value of 680 nm; B dry weight; C 
chlorophyll concentration; D starch concentration in cultures; E the ratio of starch accumulation in cells to dry weight; F starch productivity on 
different days; lower-case letters represent significant differences (p < 0.05)

Table 1 The kinetic parameters for growth and starch accumulation of P. helgolandica cultures under different cultivation modes 
(mean ± SD, n = 3)

X1—total starch, X2—amylose, X3—dry weight, Y—yield of amylose on glucose, μ—growth rate,  QX1max—production rate of total starch,  QX2max—production rate of 
amylose

Autotrophy Mixotrophy Mixotrophy under circadian cycle Heterotrophy

24:0 (-Glc) 24:0 18:6 12:12 6:18 0:24

X1max  (gTS  L−1) 0.34 ± 0.01 0.91 ± 0.02 2.71 ± 0.17 3.20 ± 0.09 3.88 ± 0.16 1.65 ± 0.02

X2max  (gAm  L−1) 0.17 ± 0.00 0.44 ± 0.01 1.64 ± 0.08 2.09 ± 0.06 2.53 ± 0.11 0.83 ± 0.01

X3max  (gDW  L−1) 1.81 ± 0.07 3.13 ± 0.01 6.14 ± 0.12 6.53 ± 0.03 6.35 ± 0.17 2.67 ± 0.11

Y  (gAm  gGlc
−1) / 0.05 ± 0.01 0.18 ± 0.00 0.23 ± 0.01 0.28 ± 0.01 0.09 ± 0.00

μ  (D−1) 0.07 ± 0.01 0.85 ± 0.01 1.30 ± 0.04 1.31 ± 0.01 1.43 ± 0.02 0.76 ± 0.03

QX1max  (gTS·L−1  D−1) 0.03 ± 0.00 0.08 ± 0.00 0.24 ± 0.02 0.28 ± 0.05 0.40 ± 0.08 0.14 ± 0.02

QX2max  (gAm·L−1  D−1) 0.01 ± 0.00 0.04 ± 0.00 0.17 ± 0.02 0.19 ± 0.05 0.25 ± 0.06 0.07 ± 0.01
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adding glucose under circadian rhythm is a competi-
tive method (Table  3). In Chlorella sp. AE10, 60.30% 
dry weight accumulation can be achieved through 
a two-stage method of large amounts of  CO2 [31]. 
However, due to the limitation of nitrogen deficiency 
on growth, the highest starch productivity could only 
reach 0.31  g   L−1   d−1. Nevertheless, it is worth noting 
that adding  NaHCO3 combined with  CO2 supply can 
lead to a starch productivity of 0.5 g  L−1  d−1 in T. sub-
cordiformis, mainly due to the high-speed accumula-
tion of dry weight [32]. In Scenedesmus sp. ASK22, the 
externally added glucose brought a dry weight accu-
mulation of 4.88  g   L−1, but starch only accounted for 
39.93% of the dry weight, which also limited the yield 
[33]. In this study, the simultaneous addition of glu-
cose and circadian rhythm can make P. helgolandica 
grow rapidly while accumulating a large amount of 
starch, and finally obtain a yield of 0.4 g  L−1  d−1. More 
importantly, the need for less light time helps to save 
resources under indoor production conditions.

The regulation of circadian rhythm causes changes 
in physiological parameters in P. helgolandica
According to previous experiments, we have determined 
that with the addition of glucose, applying a day–night 
cycle of L:D = 6:18 (h) will enable P. helgolandica to 
achieve the highest starch production rate. We further 
determined photosynthetic parameters and respiration 
efficiency of the autotrophic group (24:0, −Glc), the mix-
otrophic group (24:0, +Glc), the circadian group (6:18, 
+Glc), and the heterotrophic group (0:24, +Glc), try-
ing to further reveal the differences in the physiological 
status of P. helgolandica under different culture modes. 
Figure  4A shows the Fv/Fm of different groups over 
time. Fv/Fm (PSII maximum electron transfer efficiency) 
reflects the efficiency of photosystem II (PSII). The over-
all change trend of mixotrophic group is the same as that 
of the autotrophic group. The Fv/Fm of the circadian 
group was relatively stable in the early stage of culture, 
and decreased rapidly in the later stage of culture. Due to 
the rapidly increasing number of cells, single cell received 
more limited light. The heterotrophic group consistently 
maintained very low PSII efficiency.

Table 3 Comparison of biomass and starch production in microalgae under different culture strategies reported in literatures

a Data unavailable
b The number in the parentheses represented the cultivation day used for calculation and comparison

Species Light–dark 
cycles

Carbon 
source

Nutrient stress Biomass 
(g  L−1)

Starch 
content (% 
DW)

Starch 
concentration 
(g  L−1)

Starch 
productivity 
(g  L−1  d−1)

References

Autotrophy Chla-
mydomonas 
reinhardtii

L:D = 14:10 CO2 (5%) −N /a 12.50 0.06 0.015  (4b) [41]

Chromo-
chloris 
zofingiensis

Continuous 
illumination

CO2 (1%) +N (20 mM) 4.29 43.40 1.34 0.27 (5) [42]

Chlorella sp. 
AE10

Continuous 
illumination

CO2 (10%)  ± N 
(20 mM/5 mM)

2.80 60.30 1.86 0.31 (6) [31]

Tetraselmis 
subcordi-
formis

Continuous 
illumination

CO2 (2%) -N + P 1.60 65 1.10 0.37 (3) [43]

Mixotrophy Scenedesmus 
sp. ASK22

L:D = 12:12 Glucose 
(19.35 g  L−1)

/ 4.88 39.93 1.61 0.23 (7) [33]

Platymonas 
helgolandica 
var. tsing-
taoensis

Continuous 
illumination

Glucose 
(10 g  L−1)

/ 3.13 29.80 0.93 0.08 (12) This study

Platymonas 
helgolandica 
var. tsing-
taoensis

L:D = 6:18 Glucose 
(10 g  L−1)

/ 6.35 61.09 3.56 0.40 (9) This study

Heterotro-
phy

Tetraselmis 
chuii

Continuous 
darkness

Glucose 
(10 g  L−1)

−N (4.8 mM) 1.00 60.82 0.61 0.02 (30) [14]

Platymonas 
helgolandica 
var. tsing-
taoensis

Continuous 
darkness

Glucose 
(10 g  L−1)

+N (10 mM) 2.68 61.82 1.65 0.14 (12) This study
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Figure  4 also shows the multiple parameters of each 
group measured by the OJIP program on the sixth day 
(Fig.  4B and C, Additional file  1: Table  S2). According 
to the chlorophyll fluorescence kinetic curve (Fig.  4C), 
it is found that the curve shape characteristics of the 
autotrophic group and the mixotrophic group are simi-
lar; the curve shapes of the circadian group and the het-
erotrophic group have changed. Compared with the 
autotrophic group, their fluorescence level Vj of step J 
changed by − 10.05% and 33.17%, and the fluorescence 
level Vi of step I changed by − 25.17% and − 3.40%, 
respectively. In the end, Fv/Fm of the two groups were 
reduced by 9.71% and 20.67%, respectively, reflecting the 
PSII efficiency decreased with the decrease of the light 
time.

PIABS can better reflect the overall performance of pho-
tosynthesis. Compared with the autotrophic group, the 
 PIABS values of the mixotrophic group and the circadian 
group were lower. It is worth noting that  PIABS of the 
mixotrophic group was lower than that of the circadian 
group, which may be due to the increased efficiency of 

trapped electrons moving to  Qa− (ETo/TRo) in the cir-
cadian group [34]. The parameters indicating the initial 
photon absorption flux (ABS/RC) and transmission flux 
(ERo/RC) of the unit reaction center (RC) in the circa-
dian group did not change significantly compared with 
the mixotrophic group, and the initial capture light quan-
tum flux per active reaction center (TRo/RC) decreased 
by 7.10% (p < 0.05) compared with the mixotrophic 
group, which may be caused by the closure of reaction 
centers in the mixotrophic group due to long-term light 
exposure. The TRo/ABS and ETo/ABS values of the three 
groups added with glucose all decreased compared with 
autotrophic group, indicating that the presence of glu-
cose reduced the capture and transmission of absorbed 
energy. In the heterotrophic group, the  PIABS value 
was only 4.353, which decreased by 77.7% and 59.15%, 
respectively, compared with the autotrophic group and 
the mixotrophic group. TRo/ABS decreased by 15.98% 
(p < 0.05) compared with the mixotrophic group, DIo/RC 
increased by 76.52% (p < 0.05), indicating that continuous 
dark culture resulted in a significant decrease in energy 

Fig. 4 Physiological parameters under different culture modes. Autotrophic group-24:0 (−Glc), mixotrophic group-24:0 (+Glc), circadian 
group-6:18 (+Glc), heterotrophic group-0:24 (+Glc). A Fv/Fm changes over time; B the spider-plot presentation of selected photosynthetic 
parameters on 6th day. Fv/Fm—optimal/maximal quantum yield of PSII, DIo/RC—heat dissipation per active reaction center, ψ0—the efficiency 
that a trapped exciton can move an electron further than  Qa−, φP0—the maximum quantum yield of primary photochemistry, φE0—the maximum 
yield of electron transport, ETo/RC—the light quantum flux transmitted by the initial electron per active reaction center, ABS/RC—Absorbed light 
quantum flux per active reaction center; C chlorophyll fluorescence kinetic curve; D respiratory rate change over time
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capture and a significant increase in energy consumption 
efficiency. ABS/RC increased by 18.03% (p < 0.05) com-
pared with the mixotrophic group, which may reflect that 
reaction centers in the cells of heterotrophic group were 
closed in large numbers.

Respiration rates were also tested (Fig. 4D). Compared 
with autotrophic group, the respiration rate of all the 
three groups adding glucose increased. The presence of 
glucose effectively promoted aerobic respiration, released 
energy, and generated pyruvate for metabolite synthe-
sis. On the 3rd day, the respiration of the heterotrophic 
group and circadian group were strongly promoted, was 
145.12% and 63.67% higher than that of the autotrophic 
group. This phenomenon shows that in the absence of 
light, the heterotrophic group maintains growth by up-
regulating respiration. In the circadian group, increased 
respiration rate may indicate more energy production, 
leading to faster growth.

The contents of total soluble protein (TSP), total lipids 
and intracellular ATP were further determined (Fig.  5). 
In general, the content of TSP in the autotrophic group 
was the highest, followed by the mixotrophic group 
and the circadian group, and the least in the hetero-
trophic group, which only accounted for about 6% of the 
dry weight at the end of the culture (Fig. 5A). The total 
lipid content was accumulated most in the mixotrophic 
group (the highest proportion of dry weight was 31.32%, 
on the 12th day), followed by the heterotrophic and cir-
cadian groups, and the least in the autotrophic group 
(Fig. 5B). This indicated that part of energy was used to 
accumulate lipids instead of starch in the mixotrophic 
group. The existence of the circadian rhythm led to the 
reduction of protein and lipid accumulation compared 
with mixotrophic group. Under culture with circadian 
rhythm, the biomass components of P. helgolandica are 
close to heterotrophic group, indicating that under long 

darkness, P. helgolandica tends to accumulate starch and 
reduce protein and lipid synthesis. The intracellular ATP 
content changed greatly with time (Fig.  5C). The ATP 
content of the heterotrophic group was maintained at a 
higher level, which may be due to the fact that the hetero-
trophic group could generate more ATP by metabolizing 
glucose through the pentose phosphate pathway in the 
absence of light. In addition, the cell division of the het-
erotrophic group was less vigorous than that of the other 
three groups, so the energy consumption of cell division 
was reduced (Fig. 2B). At the end of the culture (Day 12), 
the ATP content of the circadian group was higher than 
that of the other three groups, while the ATP content 
of the circadian group was lower than that of the mixo-
trophic and heterotrophic groups at multiple time points 
during the culture. A possible explanation is that in addi-
tion to synthesizing more starch, the circadian group 
was also very vigorous in cell division, obtained the larg-
est number of cells during the culture process (Fig. 3A), 
and cell division is a rather energy-intensive process [23]. 
By day 12, cell number growth had stopped and energy 
was mainly used for the accumulation of intracellular 
products.

Changes in mRNA levels reflect the influence of culture 
strategy on the growth and starch synthesis
When the cultivation mode is changed, the growth and 
starch accumulation of P. helgolandica have tremendous 
changes. Both growth and starch synthesis are related 
to carbon metabolism. In order to explore the metabolic 
regulation mechanism of algal cells in different modes, 
the relative mRNA expression levels of 9 genes related to 
central carbon metabolism pathway,  CO2 fixation, starch 
synthesis, and circadian rhythm regulation were deter-
mined (Fig. 6A).

Fig. 5 Biochemical components under different culture modes. Autotrophic group-24:0 (−Glc), mixotrophic group-24:0 (+Glc), circadian 
group-6:18 (+Glc), heterotrophic group-0:24 (+Glc). A Total soluble protein content changes over time; B total lipid content changes over time; C 
ATP content changes over time
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After 1  h of culture, the expression of most genes 
was down-regulated, indicating that the algal cells were 
influenced when they first entered the glucose-added 
medium. The time required for the three groups to adapt 
was different. The mixotrophic group took about 1  day, 
the circadian group took 4  days, and the heterotrophic 
group took 7  days, which is basically the same as the 
trend of cell proliferation and dry weight accumulation 
(Fig. 3). After experiencing a diurnal cycle, the circadian 
group upregulated the related gene cop. In addition, the 
circadian cycle group had different gene expression in the 

light cycle and the dark cycle: the expression of pk and 
tal in the dark cycle is increased. The former may indi-
cate increased glycolysis during lack of light, and the lat-
ter may represent increased demand for 1,5-diphosphate 
ribulose synthesis, which is related to cell division and 
photosynthetic carbon fixation pathways. rbcS were con-
tinuously upregulated from the 4th day, and correspond-
ingly, the cells began to enter the rapid growth phase at 
the same time (Fig. 3A). The expression of me related to 
the carbon fixation pathway was relatively high in the 
dark phase, and it was significantly upregulated on the 

Fig. 6 Schematic diagram of starch synthesis under different culture strategies. A Relative mRNA levels of 9 genes on Day 0 (1 h,7 h), Day 1 (25 h, 
31 h), Day 4 (97 h, 103 h), and Day 7 (169 h, 175 h). Control-24:0 (−Glc). The data represent mean values of triplicates; B schematic diagram of starch 
synthesis. pk-pyruvate kinase, cs—citrate synthetase, tal-transaldolase, rbcS-ribulose bisphosphate carboxylase small subunit, me-malic enzyme 
 (NADP+), AGPase-glucose-1-phosphate adenylyltransferase, gbss-granule-bound starch synthase, ss-starch synthase, cop-E3 ubiquitin-protein ligase 
constitutive photomorphogenesis protein. L: light period; D: dark period. Line graphs show expression levels at different times
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dark cycle in 7th day. Genes related to starch synthesis 
continued to be highly expressed after the 4th day. Espe-
cially gbss, a gene related to amylose synthesis, is in line 
with the overall trend of starch accumulation (Fig. 3D).

Integrating the determination of mRNA expression lev-
els and physiological parameters (Figs.  4, 6A), we spec-
ulated the circadian group promotes growth and starch 
accumulation through multiple pathways (Fig. 6B). Exog-
enously added glucose not only promoted central carbon 
metabolism, leading to more  CO2, but also promoted the 
formation of triose (precursors of starch synthesis). The 
photosynthetic carbon fixation pathway is promoted due 
to the increase of  CO2 and the increase of ribulose. The 
oxygen produced by carbon fixation further promotes 
aerobic respiration and brought more energy produc-
tion. In addition, the existence of the dark period con-
tributes to the repair of the photosynthetic system [35], 
which may have a beneficial effect on the growth of P. 
helgolandica.

Conclusion
In this study, we proposed a novel regulation method to 
promote the growth and high amylose starch accumula-
tion by a new isolated Chlorophyta P. helgolandica. By 
adding exogenous glucose and controlling the appropri-
ate circadian light and dark time, the highest dry weight 
accumulation 6.53 g  L−1 (L:D = 12:12 h) can be achieved, 
and the highest starch concentration could reach 
3.88 g  L−1 (L:D = 6:18 h). The increased growth rate also 
helps to reduce the risk of contamination caused by long-
term culture with glucose. The highest production rate 
was 0.40 g   L−1   d−1 after 9 days of production. And this 
method helps to improve the ability to produce amylose, 
with the highest accumulation of 39.79% DW amylose. 
We also discussed the possible mechanism of this phe-
nomenon through revealing changes in the mRNA levels 
of key genes. The results of this study will help to develop 
new strategies from microalgae carbon fixation to the 
production of biologically active substances.

Methods
Strain and culture conditions
Platymonas helgolandica var. tsingtaoensis HL-1, a 
marine green microalga, was isolated from the Donghai 
Sea near Yancheng, Jiangsu Province, PR China, streak-
ing on the plate repeatedly to purify to sterility in the 
laboratory. Evolutionary tree of 18S rRNA sequence was 
drawn with MEGA 7. The 18S rRNA sequence of P. helgo-
landica was sequenced by BioMarker, China, sequences 
of other species were from published sequences in 
NCBI (https:// www. ncbi. nlm. nih. gov/). The micro-
algae were previously cultivated in KWF medium, 
with the components as follow (per liter): 30  g sea salt, 

0.875  g  NaNO3, 0.812  g Tris, 0.033  g  H3BO3, 0.0408  g 
 NaH2PO3, 1.3 mg  FeCl3, 0.0986 mg  (NH4)6Mo7O24·4H2O, 
0.3125  mg  CuSO4·5H2O, 0.4417  mg  ZnSO4·7H2O, 
0.3665  mg  CoCl2·6H2O, 0.567  mg  MnCl2·4H2O, 52  mg 
 Na2EDTA·2H2O, and adjust pH to 7.6 with hydrochloric 
acid. The culture medium and flasks used in the experi-
ment are sterilized by high-temperature steam (121 ℃, 
20  min). The cells were first cultured in a 400-mL glass 
air bubble column photobioreactor (working volume 
300  mL). Sterile air was continuously blown into the 
medium. The temperature was maintained at 28 ℃, and 
continuously illuminated from single side with cool white 
fluorescent lamps that provided an average irradiance of 
100 μmol  m−2  s−1. The algae cells were harvested during 
the late exponential phase and resuspended with fresh 
KWF ± glucose (2, 5, 10  g   L−1). The initial cell density 
was 1.5 ×  106 cells   mL−1  (OD680 = 0.3). The culture solu-
tions were divided into 250-mL flasks and placed in a 
shaker that can start lighting at a fixed time, and the cul-
ture was continuously shaken at a speed of 120 rpm. In 
the experiments under different culture models, the light 
adjustment ability of the incubator shakers was used to 
maintain continuous illumination for mixotrophic cul-
ture, continuous darkness for heterotrophic culture, and 
to turn on/off the light at designed time for circadian cul-
ture. All experiments were in triplicates.

Growth measurement
The cell concentration was determined by measuring the 
absorbance of the algae cultures at 680  nm and count-
ing cells with a hemocytometer and microscope. 5  mL 
of algae culture was suction filtered onto a piece of dried 
0.45-μm filter paper, and dried to a constant weight in 
a 55 ℃ stove. The weight of the filter paper before and 
after is measured to calculate the dry weight (DW, g  L−1). 
Glucose concentration detection kit (Applygen, China) 
was used to measure the concentration of glucose in the 
cultures.

Biochemical compositions analysis
The cell pellet from 1 to 4 mL of culture was sonicated in 
5 mL 95% ethanol on ice. The extracts were centrifuged 
at 12,000g for 1 min, and the absorption of the superna-
tants at 664 and 648  nm was measured with a spectro-
photometer. The chlorophyll content (Chl, mg   L−1) was 
calculated with the equation reported in reference [36].

The starch concentration and amylose/amylopectin 
ratio (Am/Ap) was measured by the methods described 
by Hovenkamp-hermelink et al. [37]. Simply put, the cells 
from 0.5 to 4  mL of culture were collected by centrifu-
gation, and washed by 1  mL of 30% perchloric acid to 
dissolve the starch, which was repeated three times. The 
supernatant was combined and diluted. The Lugol’s  I2-KI 

https://www.ncbi.nlm.nih.gov/
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solution was used to react with the supernatant, and the 
absorbance at 618 and 550 nm were measured to calcu-
late the concentration of amylose and amylopectin. The 
concentration of amylose  (Cam, g  L−1), amylopectin  (Cap, 
g   L−1), and the ratio of amylose and amylopectin (Am/
Ap) were calculated according to the standard curve pre-
pared in advance, which was prepared using standard 
products of amylose and amylopectin. The growth rate 
(μ,  d−1), total starch (TS) concentration (X1,  gTS   L−1), 
amylose concentration (X2,  gAm   L−1), dry weight (X3, 
DW,  gDW   L−1), starch productivity  (QX1,  gTS·L−1   d−1), 
amylose productivity  (QX2,  gAm·L−1   d−1), total starch 
content in dry weight  (CTS/DW, %DW), amylose content 
in dry weight  (Cam/dw, %DW), amylopectin content in dry 
weight  (Cap/dw, %DW) were calculated according to the 
equations in reference [32, 38].

The total soluble protein was measured by the Brad-
ford method. To describe simply, the soluble protein 
released by ultrasonicating the cells was dissolved with 
0.5 M NaOH, the supernatant was mixed with Bradford 
reagent, and  OD595 was measured to reflect the protein 
concentration. The total lipid was measured by sulpho-
phospho-vanillin (SPV) method described by Mishra 
et  al. [39]. The ATP content was measured using ATP 
content detection kit (Solarbio, China).

Cells from day 9 were collected for transmission elec-
tron microscopy (TEM). Cell pretreatment and section 
preparation were performed according to standard pro-
cedures [40]. Cutall microtome LEICA EM UC7 was used 
to prepare samples. TEM FEI Tecnai Spirit G2 BioTWIN 
was used to observe.

Photosystem II (PS II) activity measurement
PS II activity of algal cells was measured by a chloro-
phyll fluorometer (FluorPen Photon Systems Instru-
ments, Czech). The concentration of algae cultures was 
adjusted to 20 mg  L−1 Chl, and performed dark adaption 
for 20  min. A super pulse at 2100  µmol   m−2   s−1, and a 
flash at 0.009 µmol  m−2  s−1 were applied to run the OJIP 
program. Maximal PS II quantum yield was termed as 
Fv/Fm, where Fv represented the variation of chlorophyll 
fluorescence between maximal fluorescence (Fm) induced 
by saturating pulse and initial fluorescence (F0).

Respiration rate measurement
Respiration rate was measured by an oxygen meter (Fire-
Sting PyroScience, Germany). The concentration of algae 
cultures was adjusted to  OD680 ≈ 3, and recovered in 
light for 30 min. The probe was inserted into the culture 
medium, and the consumption rate of dissolved oxygen is 
measured in the dark. The samples were measured every 
1 s for 10 min, and the data of the last 5 min were taken 
to calculate the respiratory rate (μmol  O2  L−1  s−2  OD−1).

cDNA synthesis and real time-PCR analysis
RNA was extracted on Day 0, Day 1, Day 4, Day 7, once 
in light period and once in dark period. Microalgae culti-
vated in KWF medium with continuous light were used 
as control. All the RNA samples were extracted by Trizol 
(Solarbio, China), and cDNA was synthesized using Fast-
King RT Kit (Tiangen, China). The cDNAs were used for 
quantitative PCR analysis using M5 HiPer Realtime PCR 
mix (SYBRgreen) (Mei5bio, China). Target genes were 
obtained through genome and transcriptome annotation 
(latest measured by our laboratory, has not been pub-
lished). The primers were designed with Oligo 7 (Addi-
tional file 1: Table S1), and were synthesized by Suzhou 
Genewiz biotechnology Co., Ltd. The threshold cycle (Ct) 
values from triplicate reactions were averaged and loga-
rithmically transformed. 18S rRNA was used as internal 
reference, and all results of treated groups were normal-
ized to the mRNA levels of 18S rRNA.

Statistic analysis
All the presented data are average values of three biologi-
cal replications. Error bars indicate the standard devia-
tion. Statistical analysis was performed using SPSS 26.0 
for Windows (SPSS Inc., USA), and a value of p < 0.05 was 
regarded as statistically significant.
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