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Abstract 

Background: The light/dark cycle is one of the most important factors affecting the microalgal growth and lipid 
accumulation. Biomass concentration and lipid productivity could be enhanced by optimization of light/dark cycles, 
and this is considered an effective control strategy for microalgal cultivation. Currently, most research on effects of 
light/dark cycles on algae is carried out under autotrophic conditions and little information is about the effects under 
mixotrophic cultivation. At the same time, many studies related to mixotrophic cultivation of microalgal strains, even 
at large scale, have been performed to obtain satisfactory biomass and lipid production. Therefore, it is necessary to 
investigate cellular metabolism under autotrophic and mixotrophic conditions at different light/dark cycles. Even 
though microalgal lipid production under optimal environmental factors has been reported by some researchers, 
the light/dark cycle and temperature are regarded as separate parameters in their studies. In practical cases, light/
dark cycling and temperature variation during the day occur simultaneously. Therefore, studies about the combined 
effects of light/dark cycles and temperature variation on microalgal lipid production are of practical value, potentially 
providing significant guidelines for large‑scale microalgal cultivation under natural conditions.

Results: In this work, cell growth and lipid accumulation of an oleaginous microalgal mutant, Scenedesmus sp. Z‑4, 
were investigated at five light/dark cycles (0 h/24 h, 8 h/16 h, 12 h/12 h, 16 h/8 h, and 24 h/0 h) in batch culture. The 
results showed that the optimal light/dark cycle was 12 h/12 h, when maximum lipid productivity rates of 56.8 and 
182.6 mg L−1 day−1 were obtained under autotrophic and mixotrophic cultivation, respectively. Poor microalgal 
growth and lipid accumulation appeared in the light/dark cycles of 0 h/24 h and 24 h/0 h under autotrophic condi‑
tion. Prolonging the light duration was unfavorable to the production of chlorophyll a and b, which was mainly due to 
photooxidation effect. Polysaccharide was converted into lipid and protein when the light irradiation time increased 
from 0 to 12 h; however, further increasing irradiation time had a negative effect on lipid accumulation. Due to the 
dependence of autotrophically cultured cells on light energy, the light/dark cycle has a more remarkable influence on 
cellular metabolism under autotrophic conditions. Furthermore, the combined effects of temperature variation and 
light/dark cycle of 12 h/12 h on cell growth and lipid accumulation of microalgal mutant Z‑4 were investigated under 
mixotrophic cultivation, and the results showed that biomass was mainly produced at higher temperatures during 
the day, and a portion of biomass was converted into lipid under dark condition.

Conclusions: The extension of irradiation time was beneficial to biomass accumulation, but not in favor of lipid pro‑
duction. Even though effects of light/dark cycles on autotrophic and mixotrophic cells were not exactly the same, the 
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Background
The increasing demand for alternative energy sources 
attracts the interest in biofuel production. Microalgal 
biodiesel is considered a third-generation biofuel, which 
shows great potential for sustainable production, and it 
could reduce the competition with food crops [1]. Micro-
algal growth does not require arable land; however, the 
cost of biodiesel production is still expensive, which is 
mainly due to the algal cultivation and harvesting pro-
cess. To solve this issue, a series of strategies have been 
applied, such as screening of lipid-rich microalgal strains 
[2], lipid and biomass accumulation coupled with waste-
water [3, 4], and optimization of environmental factors 
[5–7]. Among these strategies, options of environmen-
tal factors (pH, light intensity and duration, tempera-
ture, etc.) are of great importance to overall biomass and 
lipid production by microalgal cells. On one hand, they 
could affect the cell growth and lipid synthesis of micro-
algal strains with high lipid content. On the other hand, 
they play an important role in the potential of microal-
gal cultivation using various wastewaters. Growth of 
different algal species has been enhanced by regulation 
of light irradiation and temperature in many studies. 
For example, the maximum biomass of 0.992  g  L−1 and 
 CO2 fixation rate of 0.326  g  L−1  day−1 were obtained 
under optimal light intensity of 13,000  lx for Scenedes-
mus obliquus [8], and the best temperature and irradi-
ance for cell growth of Selenastrum minutum were 35 °C 
and 420 μmol m−2 s−1, respectively [9]. Therefore, deter-
mination of optimal light and temperature conditions 
is deemed an effective control strategy for microalgal 
cultivation.

Light, which is the energy source of photosynthesis, 
is a key factor for microalgal growth and carbon diox-
ide fixation [10]. The quality, intensity, and period of 
light all have significant effects on the amount of light 
energy received by microalgae, and these effects are spe-
cies-dependent. A Nannochloropsis sp. strain exhibited 
maximum cell concentration and lipid content under 
light intensity of 100 μmol m−2  s−1 and light/dark cycle 
of 18 h/6 h [11]; however, optimal growth rate and bio-
mass productivity of Neochloris terrestris were obtained 
at the light/dark cycle of 12 h/12 h with light intensity of 
60 μmol m−2 s−1 [12]. It was also reported that pathways 
including carbon fixation, glucan biosynthesis, and lipid 

biosynthesis were up-regulated during the light period, 
and TCA cycle and lipid β-oxidation occurred during the 
dark period, when Phaeodactylum tricornutum was accli-
mated to a light/dark cycle of 16 h/8 h [13]. The results 
demonstrated that the light/dark cycle indeed played an 
important role in cellular metabolism of microalgae.

Cellular metabolism related to microalgal growth and 
lipid production differs between autotrophic and het-
erotrophic conditions. Under autotrophic cultivation, 
light is the most important energy source for microalgal 
photosynthesis, and biomass production, lipid accumula-
tion, and  CO2 fixation strongly depend on the supply of 
light energy. In contrast, under heterotrophic cultivation, 
 CO2 is replaced by organic matter as carbon sources, no 
light energy is needed, and better performance of bio-
mass production and lipid synthesis has been gained 
when microalgal cells are fed with glucose [14], glycerol 
[15], and sucrose [16]. When microalgal growth is pro-
vided with both organic carbon source and light energy, 
this mode is often called mixotrophic cultivation. The 
accumulation of biomass, lipid, or chlorophyll under 
mixotrophic conditions is higher than those under auto-
trophic and heterotrophic conditions, which has led to 
increasing interest in research on mixotrophic cultivation 
of microalgal strains [17–19]. Due to presence of organic 
carbon sources, the demand of mixotrophic cells for light 
is not as strong as that of autotrophic cells. A study has 
reported that photosynthesis of Chlorella sorokiniana 
was regulated differently under mixotrophic conditions 
compared to that under autotrophic conditions [20], 
implying different pathways in mixotrophically and auto-
trophically cultured cells. However, scarce information 
on the correlation between light/dark cycles and biomass 
and lipid production under mixotrophic cultivation could 
be found in the literature. Therefore, it is crucial to simul-
taneously investigate the effects of light/dark cycles on 
cellular metabolism of microalgal strains under different 
cultivation modes.

Temperature is also an important parameter for 
microalgal growth, and the optimal temperature range 
of 20–30  °C is observed for different algal species [21]. 
Enhanced biomass concentration and lipid productivity 
have been obtained by optimization of temperature [22, 
23]. However, to date no studies about lipid accumula-
tion and cell growth under conditions of temperature 

optimal lipid productivities of Scenedesmus sp. Z‑4 under both cultivation conditions were achieved at the light/dark 
of 12 h/12 h. This may be attributed to its long‑term acclimation in natural environment. By combining temperature 
variation with optimal light/dark cycle of 12 h/12 h, this study will be of great significance for practical microalgae‑
biodiesel production in the outdoor conditions.
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variation have been reported, which agrees well with 
actual lipid synthesis under natural conditions. There-
fore, studies on lipid production under continuous tem-
perature variation urgently need to be investigated and 
this could be beneficial to research on lipid synthesis in 
outdoor conditions.

In this work, a previously screened oleaginous microal-
gal mutant Scenedesmus sp. Z-4 was used [24] and desir-
able biomass and lipid productivity were observed under 
heterotrophic conditions. This study aims to explore the 
effects of different light/dark cycles on cell growth and 
lipid accumulation of Scenedesmus sp. Z-4 under auto-
trophic and mixotrophic conditions. The photosynthetic 
efficiency and variation of cellular components were 
discussed to characterize cellular metabolism at differ-
ent light/dark cycles under these two cultivation modes. 
More importantly, the combined effects of temperature 
variation with optimal light/dark cycle of 12  h/12  h on 
cell growth and lipid accumulation of mixotrophically 
cultured mutant Z-4 were also studied.

Results and discussion
Effects of light/dark cycles on cell growth and lipid 
accumulation of microalgal mutant Scenedesmus sp. Z‑4 
under autotrophic and mixotrophic conditions
Microscopic observation of mutant Z‑4 with Nile red staining
The fluorescence intensity and amount of lipid drop-
lets in cells from microalgal mutant Scenedesmus sp. 
Z-4 using Nile red staining at different light/dark cycles 
of 0 h/24 h, 8 h/16 h, 12 h/12 h, 16 h/8 h, and 24 h/0 h 
under autotrophic and mixotrophic conditions are 
shown in Fig.  1a–j. Under autotrophic cultivation, the 

fluorescence intensity and amount of lipid droplets in 
microalgal cells increased with the increase of light dura-
tion from 0 to 12 h, and decreased with further increase 
of light duration to 24 h. Hardly any yellow fluorescence 
was observed at the light/dark cycle of 0  h/24  h, sug-
gesting that light was an essential ecological factor for 
lipid accumulation of microalgal mutant Z-4 (Fig.  1a). 
However, excess exposure to light did not seem ben-
eficial to lipid synthesis (Fig.  1d, e). Compared to auto-
trophic cultivation, intracellular fluorescence intensity 
in all tests under mixotrophic cultivation was obviously 
stronger (Fig.  1f–j). The largest amount of lipid drop-
lets was found when the light/dark cycle was 12 h/12 h 
(Fig. 1h), and this phenomenon was similar to that under 
autotrophic cultivation. Carbon dioxide  (CO2) could be 
converted into glucose in the dark reaction process of 
photosynthesis, which produces the precursor for lipid 
production, Acetyl-CoA, via glycolysis under the two 
cultivation modes. Therefore, the dark environment was 
an indispensable factor for lipid synthesis. However, pho-
toinhibition and photosaturation due to long duration of 
light irradiation will lead to a decline in photosynthetic 
efficiency, which is not favorable to the accumulation of 
lipid as storage substance. The above results verified that 
a certain time period of dark conditions was beneficial to 
lipid production of microalgal cells.

Cell growth and lipid production of mutant Z‑4
The biomass and lipid productivity of mutant Z-4 at dif-
ferent light/dark cycles were determined under auto-
trophic and mixotrophic conditions (Fig. 2a). The results 
showed that, under autotrophic cultivation, biomass 

Fig. 1 Fluorescence photographs of microalgal mutant Scenedesmus sp. Z‑4 staining by Nile red at different light/dark cycles under autotrophic 
and mixotrophic conditions. a–e autotrophic cultivation; f heterotrophic cultivation; g–j mixotrophic cultivation. a, f light/dark cycle of 0 h/24 h, b, 
g: light/dark cycle of 6 h/18 h, c, h light/dark cycle of 12 h/12 h, d, i light/dark cycle of 18 h/6 h, e, j light/dark cycle of 24 h/0 h
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increased from 0.47 to 1.68  g  L−1 as the light dura-
tion increased from 0 (0 h/24 h) to 24 h (24 h/0 h). This 
demonstrated that prolonging light time was benefi-
cial to promote cell growth and biomass accumulation. 
Photosynthesis is the basis of survival and growth for 

autotrophically cultured cells, and it is activated by light 
energy. In the photoreaction stage, extension of the irra-
diation time could facilitate the production of more ATP 
and [H] for synthesizing organic substances in the dark 
reaction stage. Therefore, biomass could be accumu-
lated evidently at longer light times. Faster growth rate 
and higher cell density of Dunaliella salina CCAP 19/30 
could be obtained under continuous light (24  h/0  h), 
compared to that under other light/dark cycles [25]. 
The same trend in both studies occurred that longer 
light duration could enhance microalgal growth, even 
though Scenedesmus and Chlorella belong to different 
microalgal species. However, the biomass obtained in 
this study was higher than that in most reported studies 
under autotrophic conditions [26–28], and atmospheric 
 CO2 was used in this work instead of concentrated  CO2 
with volume percentage of 5, 14.1, and 15%. This may 
be due to superior lipid production ability of mutant 
strain Z-4, which could effectively absorb and convert 
 CO2 into lipid via cellular metabolism, even at low  CO2 
concentrations. By contrast, biomass was much higher 
under mixotrophic conditions, and gradually increased 
from 2.84 to 3.86 g L−1 with increasing irradiation time 
from 0 to 24  h. When light duration increased from 16 
to 24  h, the enhancement of biomass almost stopped, 
indicating that superfluous light time (16–24 h) in each 
light/dark cycle did not further promote the biomass of 
mixotrophically cultured cells. This meant that light/dark 
cycles had a more remarkable influence on cell growth 
under autotrophic cultivation than mixotrophic cultiva-
tion. The reason could be attributed to different cellular 
metabolism pathways of the two cultivation modes. Light 
was the only energy source sustaining microalgal growth 
via photosynthesis under autotrophic conditions, but the 
growth of mixotrophic cells mainly depended on the sup-
ply of organic carbon sources, including glucose, acetate, 
glycerol. In addition, the higher cell densities under mix-
otrophic conditions could be due to the larger amount of 
available energy, mainly from biological processes of aer-
obic respiration coupled with catabolism of glucose and 
photosynthesis [29]. However, for mixotrophic cultures, 
biomass accumulation did not depend on light but relied 
on substrate concentration and microalgal species.

The continuous increase of light duration was not in 
favor of lipid accumulation under autotrophic or mixo-
trophic conditions (Fig. 2b, c). This corresponded to the 
above results from Nile red staining. When light irradia-
tion time increased from 0 (0 h/24 h) to 12 h (12 h/12 h), 
lipid content obviously increased from 17.3 to 28.1% 
under autotrophic conditions, indicating that extension 
of light time was beneficial to lipid synthesis. Excessive 
light irradiation time inhibited the lipid production, and 
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lipid content declined to 19.4% as the light irradiation 
time further increased to 24  h. Longer light irradiation 
time could cause the phenomenon of light saturation 
[30], in which superfluous light photons are not absorbed 
and converted by pigment molecules. In addition, the 
coupling of photoreactions and dark reactions does not 
match well due to the photoreaction acceleration. There-
fore, the reduced photosynthetic efficiency was unfavora-
ble to production of reserve substances such as lipids. 
However, lipid content was almost constant under five 
different light/dark cycles (as in our experimental set) for 
Nannochloropsis gaditana [31]. This difference may be 
due to different microalgal species and effects of light sat-
uration. Moreover, the trend of lipid accumulation under 
mixotrophic conditions was in agreement with that 
under autotrophic condition. The maximum lipid content 
of 37.8% was obtained at the light/dark cycle of 12 h/12 h, 
indicating that excessive light time had a negative effect 
on lipid production of mutant Z-4.

The tendency of calculated lipid productivity at differ-
ent light/dark cycles was similar to that observed lipid 
content (Fig.  2c). The maximum lipid productivities of 
56.8  mg  L−1  day−1 under autotrophic conditions and 
182.6  mg  L−1  day−1 under mixotrophic conditions were 
obtained under the light/dark cycle of 12 h/12 h. The val-
ues were obviously higher than those under other light/
dark cycles of 0 h/24 h, 8 h/16 h, 16 h/8 h, and 24 h/0 h 
(18.2/34.6/42.1/36.2 mg L−1 day−1 for autotrophic culti-
vation, and 97.7/135.3/166.2/142.6 mg L−1 day−1 for mix-
otrophic cultivation, respectively). The biomass and lipid 
productivity of mutant Z-4 and some microalgal strains 
at different light/dark cycles in relevant studies are listed 
in Table  1, and the results indicated the great potential 
of mutant Z-4 in biodiesel production due to its superior 
lipid synthesis capability.

Fatty acid composition of mutant Z‑4
The composition of fatty acids for mutant Z-4 at different 
light/dark cycles under autotrophic cultivation was deter-
mined (Additional file 1: Table S1). The main fatty acids 
in all tests consisted of palmitic acid (C 16:0), stearic acid 
(C 18:0), oleic acid (C 18:1 w9c), and linoleic acid (C 18:2 
w6,9c), making up more than 90% of total fatty acids. The 
results showed that with light duration increasing from 
0 to 24 h, total saturated fatty acids gradually increased 
and total unsaturated fatty acids decreased. Especially, 
when light irradiation increased from 12 to 18 h, an obvi-
ous drop could be found in the amount of saturated fatty 
acids. This could be attributed to the influence of pho-
tooxidation caused by excessive light time leading to 
excessive dissolved oxygen accumulation. Therefore, the 
hydroxyl radicals produced in this process may promote 
the transformation of saturated fatty acids into unsatu-
rated fatty acids. More saturated fatty acids (C 16:0 and C 
18:0) and less unsaturated fatty acids (C 18:2 and C 18:3) 
have been confirmed to be suitable for biodiesel produc-
tion [32]. Therefore, extension of light duration was not 
in favor of the quality of fatty acids.

The composition of fatty acids under mixotrophic 
condition was also affected by light/dark cycles, and an 
obvious decrease in content of saturated fatty acids was 
observed with light time increasing from 0 to 24 h (Addi-
tional file 1: Table S2). The composition was almost the 
same at different light/dark cycles of 0 h/24 h, 8 h/16 h, 
and 12 h/12 h, indicating that synthesis of different fatty 
acids by mixotrophic cells may mainly depend on utili-
zation of organic carbon sources, and effects of light 
duration on the compositions were almost negligible. 
However, effects including photooxidation became emi-
nent when the light irradiation time increased to a higher 
value.

Table 1 Comparison of  biomass and  lipid productivity between  Scenedesmus sp. Z-4 and  some microalgal strains 
with different light/dark cycles in previous studies

Strain Cultivation mode Light/dark cycle Biomass (g L−1) Lipid productivity (mg L−1 day−1) References

Scenedesmus obliquus Autotrophic 24 h/0 h 0.992 Not given [8]

Chlorella sorokiniana Mixotrophic 12 h/12 h 1.55 31.62 [17]

Chlorella sp. Autotrophic 16 h/8 h 0.63 12.6 [18]

Nannochloropsis sp. Mixotrophic 16 h/8 h 1.10 42.31

Chlorella vulgaris Autotrophic Not given 0.25 4 [19]

Mixotrophic 1.70 54

Dunaliella salina Autotrophic 24 h/0 h 1.46 Not given [25]

Chlorella sp. Autotrophic 24 h/0 h 0.64 Not given [26]

Tetraselmis suecica Autotrophic 24 h/0 h 0.72 Not given

Scenedesmus sp. Z‑4 Autotrophic 12 h/12 h 1.68 56.8 This study

Mixotrophic 3.86 182.6
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Here, biomass, lipid content, and productivity and 
composition of fatty acids at different light/dark cycles 
have been summarized in Table  2, which is helpful for 
understanding the effects of light/dark cycle on auto-
trophically and mixotrophically cultured cells intuitively. 
A conclusion could be reached that light/dark cycles had 
a more remarkable effect on microalgal cells under auto-
trophic conditions. The appropriate light irradiation time 
could promote cell growth and lipid production; however, 
an excessive light period could inhibit lipid synthesis and 
change the composition of fatty acids. Therefore, consid-
ering the integrated results of biomass, lipid productiv-
ity, and composition of fatty acids, the optimal light/dark 
cycle for mutant Z-4 was determined to be 12 h/12 h.

Characterization of cellular metabolism at different light/
dark cycles under autotrophic and mixotrophic conditions
Chlorophyll content and photosynthetic efficiency
The effects of light/dark cycles on accumulation of pig-
ment molecules including chlorophyll a, chlorophyll b, 
and carotenoid, which play important roles in the process 
of photosynthesis, were investigated under autotrophic 
conditions (Fig.  3a–c). The results showed that there 
was almost no production of chlorophyll a at the light/
dark cycle of 0  h/24  h (Fig.  3a), indicating light was an 
indispensable factor for the production of chlorophyll 
a. The content of chlorophyll a continually increased to 
the maximum of 81.2 and 126.4  mg  L−1 on the 7th day 
at the light/dark cycles of 8 h/16 h and 12 h/12 h, which 
could be verified by the phenomenon that the color of 
the microalgal cells of mutant Z-4 changed from yellow 
green to dark green in the process of cultivation (pictures 
not shown here). Higher synthetic rates of chlorophyll a 
could be observed at the light/dark cycles of 16 h/8 h and 
24 h/0 h, which manifested that longer light time in each 
light/dark cycle (16–24  h) was favorable to rapid accu-
mulation of chlorophyll a. However, an obvious decrease 
in content of chlorophyll a occurred at these two light/
dark cycles, leading to the obtained maximum of 92.1 
and 77.8 mg L−1 on the 5th and 4th day, respectively. This 

may be due to decomposition of chlorophyll a caused 
by higher input of light energy. On one hand, the mol-
ecule of chlorophyll a is unstable and easily broken under 
higher light intensity [33]. On the other hand, two key 
enzymes involved in biological synthesis of chlorophyll 
a, glutamyl-tRNA reductase (GluTR), and glutamate 
1-semialdehyde aminotransferase (GSA-AT) are sensitive 
to light and their activity could be inhibited by excessive 
exposure to light [34].

The substrate for biosynthesis of chlorophyll b is 
derived from chlorophyll a; therefore, hardly any produc-
tion of chlorophyll b could be detected at the light/dark 
cycle of 0  h/24  h in the cultivation process, because no 
chlorophyll a was converted into chlorophyll b (Fig. 3b). 
The total content of chlorophyll b gradually increased 
to peak values of 41.0  mg  L−1 (0  h/24  h), 74.3  mg  L−1 
(12 h/12 h), and 56.2 mg L−1 (16 h/8 h) obtained on the 
7th day. It is worth noting that the production of chloro-
phyll b at the light/dark cycle of 16 h/8 h started to slow 
down in the late cultivation period, and the content of 
chlorophyll b at the light/dark cycle of 24 h/0 h continu-
ally decreased from the 5th to 7th day. This may be due to 
dependence of chlorophyll b biosynthesis on chlorophyl-
lide a oxygenase (CAO), which is highly expressed in low 
light [35].

Even though synthesis of carotenoid is not in need 
of light energy, the carotenoid content of microal-
gal mutant Scenedesmus sp. Z-4 at the light/dark cycle 
of 0  h/24  h was limited by poor biomass (Fig.  3c). The 
production of carotenoid in all tests exhibited a grad-
ual increasing tendency, and the final carotenoid con-
tent was 9.8 mg L−1 (0 h/24 h), 18.2 mg L−1 (8 h/16 h), 
24.1  mg  L−1 (12  h/12  h), 34.3  mg  L−1 (18  h/6  h), and 
38.5  mg  L−1 (24  h/0  h). An obvious improvement of 
carotenoid accumulation could be observed from the 5th 
to 7th day at light/dark cycles of 16 h/8 h and 24 h/0 h. 
On the one hand, the biomass produced under longer 
light time could provide abundant substrate for biosyn-
thesis of carotenoid. More importantly, carotenoid, as 
an important antioxidant in microalgal cells, could be 

Table 2 A summary of  biomass, lipid content, and  productivity and  composition of  fatty acids at  different light/dark 
cycles under autotrophic and mixotrophic conditions

Autotrophic condition Mixotrophic condition

0 h/24 h 8 h/16 h 12 h/12 h 16 h/8 h 24 h/0 h 0 h/24 h 8 h/16 h 12 h/12 h 16 h/8 h 24 h/0 h

Biomass (g L−1) 0.48 0.82 1.23 1.48 1.72 2.74 3.15 3.58 3.74 3.87

Lipid content (%) 10.23 17.14 28.32 24.35 19.24 26.41 30.12 37.68 32.27 27.24

Lipid productivity (mg L−1 day−1) 18.42 34.65 56.82 42.13 36.26 98.13 135.62 182.64 166.31 144.67

Saturated fatty acids (%) 56.41 54.55 53.41 48.41 47.41 53.95 53.55 53.48 49.59 46.58

Unsaturated fatty acids (%) 43.59 45.45 46.59 51.59 52.59 46.05 46.45 46.52 50.59 53.52
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largely synthesized to alleviate the unfavorable effects of 
hydroxyl radical (·OH) when cells are exposed to longer 
light time. This may be a self-protective mechanism of 
mutant Z-4.

The maximum photochemical efficiency of PS II 
(Fv/Fm) for microalgal mutant Z-4 with different light/
dark cycles under autotrophic conditions was deter-
mined (Fig. 3d). The value of Fv/Fm was almost zero in 
the process of cultivation when the light/dark cycle was 
0/24  h, indicating that the photosynthetic system (PS) 
could not be motivated without light energy. Fv/Fm 
gradually increased to peak values on the 7th day at the 
light/dark cycles of 8 h/16 h and 12 h/12 h, and results 
in these two groups showed that prolonging irradiation 
time could promote the activity of PS. However, Fv/Fm 
no longer increased from the 5th to 7th day when the 
light/dark cycle of 18 h/6 h was used, which was mainly 
due to effects of light saturation. More importantly, pho-
toinhibition took effect on the 5th to 7th day at the light/
dark cycle of 24  h/0  h, leading to an obvious decline in 
photochemical efficiency.

Effects of light/dark cycles on accumulation of pig-
ment molecules and photochemical efficiency were 
explored under mixotrophic conditions (Additional file 1: 
Figure  S1). Compared to those under autotrophic con-
ditions, the main differences are summarized in the fol-
lowing aspects. First, more chlorophyll a, chlorophyll b, 
and carotenoid could be produced under mixotrophic 
conditions. There is no doubt that addition of glucose 
was beneficial to microalgal anabolism, providing con-
venience for synthesis of cellular components. Second, 
effects of excessive light irradiation time on production 
of pigment molecules under mixotrophic conditions 
were not as strong as those under autotrophic conditions. 
These results may be attributed to resistance to photoin-
hibition due to relatively active metabolism under mixo-
trophic cultivation, and this needs to be investigated in 
future work. Last, the values of Fv/Fm were lower under 
mixotrophic conditions than those under autotrophic 
conditions. Growth of microalgal cells under mixo-
trophic conditions mainly relied on supply of organic car-
bon sources, thus the photosynthesis of mixotrophically 
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cultured cells was not active compared to that of auto-
trophically cultured cells. Therefore, reduced photo-
chemical efficiency of PS II could be observed, which is in 
accordance with a previously reported study [20].

Substrate utilization under mixotrophic conditions
The effects of light/dark cycles on glucose consumption 
of microalgal mutant Z-4 were explored (Fig.  4). With 
the increasing light duration in each light/dark cycle, the 
glucose utilization rate gradually increased. In the pro-
cess of 7 days’ cultivation, the utilization rate of glucose 
at light/dark cycle of 0  h/24  h was approximately 87%; 
however, the final glucose concentration at the light/dark 
cycle of 24 h/0 h was almost zero. The results indicated 
that longer light irradiation time could promote glucose 
utilization by microalgal cells. Therefore, more biomass 
could be obtained under continuous light (24  h/0  h), 
as shown in Fig. 2a. To date, no studies about effects of 
light on substrate utilization of microalgal cells have 
been reported. The results in this work may be due to the 
influence of photosynthesis, in which the produced ATP 
and [H] were beneficial to the metabolic activity of mixo-
trophically cultured cells. With the acceleration of photo-
reaction due to prolonged light time, more ATP and [H] 
will participate in cellular anabolism, therefore strength-
ening the need for substrate consumption.

Variation of cellular components
To investigate the cellular metabolism of microalgal 
mutant Z-4 at different light/dark cycles, the percentage 
of main cellular components under autotrophic and mix-
otrophic conditions was determined (Fig. 5). Polysaccha-
ride occupied a high proportion of 43% at the light/dark 
cycle of 0  h/24  h for autotrophically cultured mutant 
Z-4 (Fig.  5a). In another study, starch largely accumu-
lated under adverse growing conditions to maintain cel-
lular survival [36], which may explain the above results 
with no provision of light energy. As the light duration 
increased from 0 to 12 h, the percentage of polysaccha-
ride decreased, leading to an increase in the contents 
of lipid and protein (Fig.  5b, c). This meant that when 
metabolism activities were motivated via photosynthesis 
by light, intracellular storage substance (such as starch) 
began to convert into other components. However, fur-
ther increasing the light time to 16 and 24  h was unfa-
vorable to lipid accumulation (Fig.  5d, e), as discussed 
above. It is worth noting that protein levels continually 
increased, which may be attributed to relatively active 
metabolism with the extension of light time. Therefore, 
more protein could be produced to implement cellular 
functions.

The contents of the main cellular components under 
mixotrophic condition at diverse light/dark cycles 

were also different (Fig.  5f–j), indicating that the light/
dark cycle played an important role in cellular metabo-
lism, even though light was not the primary energy for 
mixotrophic cells. Similarly, the percentage of lipid and 
protein gradually increased and the content of polysac-
charide decreased with increasing light time from 0 to 
12 h (Fig. 5f–h). This was because light energy could pro-
mote glucose consumption and catabolism (Fig. 4), which 
was beneficial to the synthesis of lipid and protein. How-
ever, with the further increase of irradiation time, the 
percentage of polysaccharide was almost constant, and a 
proportion of lipid was converted into protein (Fig. 5i, j). 
The results could be ascribed to the production of func-
tional proteins due to excessive light irradiation, which 
may relieve unfavorable effects on cell growth.

Cell growth, lipid production, and glucose utilization 
under the combined effects of temperature variation 
and light/dark cycle
Cell growth
The combined effects of temperature variation and light/
dark cycles on cell growth of microalgal mutant Scenedes-
mus sp. Z-4 in a cultivation process of 8 days were inves-
tigated (Fig.  6). The results showed that the microalgal 
cells were at lag phase in the first 48 h, when the biomass 
concentration gradually increased at a low growth rate. 
Afterwards, mutant Z-4 entered into the logarithmic 
phase (48–144 h), and a considerable increase of biomass 
could be observed. On the 7th day, microalgal biomass 
almost reached a standstill, and it started to decrease in 
the following 24 h.
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Furthermore, the microalgal cells exhibited more vig-
orous growth when exposed to light, compared to that 
under dark conditions. Especially, substantial enhance-
ment in biomass concentration was shown in the day-
time of the 3rd, 4th, and 5th day (54–66  h, 78–90  h, 
and 102–114  h), when biomass productivity was 0.76, 
1.18, and 1.26  mg  L−1  day−1, respectively. However, 
the corresponding biomass productivity values under 
dark condition during the same cultivations period 
were 0.34  mg  L−1  day−1 (66–78  h), 0.60  mg  L−1  day−1 
(90–102 h), and 0.56 (114–126 h) mg L−1 day−1. On one 
hand, this could be attributed to abundant concentra-
tion of substrates (glucose,  NaNO3, and  K2HPO4, etc.) 
in the medium. On the other hand, the light in the day-
time could further promote cellular metabolism, leading 
to a rapid rate of cell growth and large accumulation of 
cellular components. In particular, an obvious increase 
of biomass could be obtained during 56–62, 80–86, 
and 104–110 h (in light cycles), mainly due to relatively 
higher temperature. This meant that properly increasing 
the temperature under light conditions was beneficial 
to biomass production. However, the cell growth rate 
greatly decreased during the cultivation time of 46–54, 
70–78, and 94–102  h (in dark cycles), which was prob-
ably the result of inactive metabolism under low temper-
ature and dark conditions.

Lipid accumulation
The accumulation of lipid content with the extension of 
cultivation time differed from that of biomass concen-
tration (Fig. 6). The results showed that the lipid content 
maintained at a lower level (10–15%) in the first 72  h, 

because the produced biomass was not adequate to syn-
thesize lipid. When the biomass concentration increased 
to approximately 2.0  g  L−1, the lipid content began to 
increase and noticeable lipid accumulation could be 
observed during 90–102, 114–126, 138–150, and 162–
168 h (in dark cycles), while the increase of lipid content 
under light conditions was not remarkable. This implied 
that lipid synthesis mainly occurred at late logarithmic 
phase and stationary phase under dark cycles. Consider-
ing the biomass production occurring under light condi-
tions, an assumption could be made that a portion of the 
biomass produced during the day was utilized to synthe-
size lipid under dark conditions. Therefore, providing a 
certain time of dark conditions in the process of micro-
algal cultivation may be beneficial to lipid production. 
However, this concept may be species-dependent.

In addition, the effects of temperature variation on 
lipid accumulation were also shown. Lipid content 
greatly increased at the beginning 4  h for each dark 
cycle (especially 90–94, 114–118, 138–142, 162–166  h), 
when the temperature gradually decreased from 15 to 
5  °C. The results may be ascribed to the special cellular 
metabolism of microalgal mutant Z-4. When the micro-
algal cells went into a dark cycle, biomass accumulation 
started to slow down and lipid synthesis through biomass 
conversion became active with the decrease of tempera-
ture. Therefore, lipid content obviously increased in the 
first hours of the dark cycles. However, as the tempera-
ture further decreased to 0  °C, cellular metabolism was 
severely inhibited, and the conversion of biomass to lipid 
was not remarkable. When the temperature gradually 
increased, this conversion became active again.
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The accumulation of lipid productivity with the pro-
longing of cultivation time is also illustrated in Fig.  6. 
The lipid productivity was an integrated result of biomass 
and lipid production. The results indicated that no obvi-
ous enhancement in lipid productivity could be observed 
in the first 72 h, because the biomass concentration and 
lipid content remained at a relatively low level. After 72 h 
of cultivation time, due to evident biomass accumulation 
under light cycles and lipid production under dark cycles, 
lipid productivity increased continually, reaching a maxi-
mum of 182.6 mg L−1 day−1 at 166 h of cultivation. After-
wards, lipid productivity gradually decreased due to an 
obvious decrease of biomass concentration, which dem-
onstrated that excessively prolonging the cultivation time 
was not beneficial to improvement of lipid productivity.

Glucose utilization
To explore substrate utilization in the process of bio-
mass accumulation, the time course profile of glucose 
concentration under the combined effect of temperature 
and light/dark cycles is depicted in Fig.  6. The results 
showed that glucose consumption was relatively slow 
in the first 48  h. This was due to, on one hand, inac-
tive cellular metabolism at the stationary phase. On the 
other hand, the ratio of glucose concentration to cellular 
density was higher, so excessive glucose had an inhibi-
tory effect on cell growth. This explanation is rational 
because the enhancement of biomass concentration was 
rather limited, even though the glucose concentration in 
the medium was abundant. When the microalgal cells 
entered into logarithmic phase, the glucose consumption 
rate sped up to satisfy cellular survival and breeding. Fur-
thermore, a similar phenomenon could be found in that 
massive glucose was utilized in the daytime of the 4th, 
5th, and 6th day (78–90, 102–114, 126–138 h), when the 
glucose concentration decreased from 7.42 to 6.45, 5.85 
to 4.72, and 4.16 to 2.85 g L−1, respectively. This implied 
that biomass accumulation coincided well with substrate 
consumption, and these two processes mainly occurred 
in the beginning of light cycles, when the gradually 
increasing temperature and provided illumination were 
in favor of cell growth and substrate uptake.

Therefore, an important conclusion could be reached 
that biomass accumulation of strain Z-4 was mainly 
accomplished under light conditions via glucose utili-
zation. The suitable temperature and illumination pro-
moted the increase of biomass concentration. When 
microalgal cells turned into dark conditions, lipid started 
to synthesize by the conversion of biomass. These results 
could provide a significant reference for outdoors lipid-
derived biodiesel production by mutant strain Z-4.

Conclusions
The effects of light/dark cycles (0  h/24  h, 8  h/16  h, 
12  h/12  h, 16  h/8  h, 24  h/0  h) on cell growth and lipid 
accumulation of the oleaginous microalgae Scenedesmus 
sp. mutant Z-4 were investigated in batch culture. The 
results indicated that when the optimal light/dark cycle 
of 12  h/12  h was applied in the experiments, the maxi-
mum lipid productivity of 56.8 and 182.4  mg  L−1  day−1 
could be obtained under autotrophic and heterotrophic 
conditions, respectively. Moreover, both insufficient and 
excessive light time were unfavorable to lipid accumula-
tion. Cellular metabolism under autotrophic cultivation 
was remarkably affected by light/dark cycles due to severe 
dependence on light. Furthermore, maximum biomass of 
3.74 g L−1 and lipid productivity of 172.4 mg L−1 day−1 
could be obtained under the combined effects of temper-
ature variation and light/dark cycle. These results could 
provide important clues for cell growth and lipid produc-
tion of strain Z-4 under outdoor conditions.

Methods
Microalgal species and culture conditions
The previously isolated microalgal strain Scenedesmus 
sp. Z-4 was applied in the experiments. This strain was 
routinely cultured under batch culture in 250 mL Erlen-
meyer flasks in a shaker at constant temperature (30 °C), 
which contained 150 mL BG-11 medium (its ingredients 
could be found everywhere). In general, 10% of microal-
gal inoculum (15 mL) at late logarithmic phase was trans-
ferred into fresh medium, which was adjusted to pH of 
7.0 and autoclaved at 121  °C for 15  min, to start a new 
round of cultivation. Besides, microalgal cells were culti-
vated at 3000 lx by white fluorescent light with the light/
dark cycle of 12 h/12 h.

Experimental design
In this study, autotrophic and mixotrophic conditions 
were established to study the effects of light/dark cycles 
on cell growth and lipid production of mutant Z-4 
under these two conditions. Under autotrophic culti-
vation, Erlenmeyer flasks containing 150  mL medium 
were sealed with a piece of parafilm, which allowed gas 
exchange, and no additional carbon source was provided. 
Under mixotrophic conditions, microalgal cultivation 
was supplied with 10  g  L−1 glucose in BG-11 medium 
and light energy simultaneously.

Furthermore, five different light/dark cycles of 0 h/24 h, 
8 h/16 h, 12 h/12 h, 18 h/6 h, and 24 h/0 h were applied 
in this experiment, which could be controlled by an arti-
ficial climate chamber (HPG-280H, China). To explore 
outdoors cell growth and lipid production of the strain 
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under conditions of temperature variation and light/dark 
cycle, the chosen highest and lowest temperatures were 
25 and 0  °C, respectively. The daytime started at 6:00 
and ended at 18:00 every day to form a light/dark cycle 
of 12 h/12 h. The concrete temperature settings and sam-
pling times are shown in Additional file 1: Figure S1. The 
biomass concentration and lipid content of samples, and 
glucose concentration in the medium, were determined 
every several hours in the cultivation time of 192 h.

Analytical methods
Biomass was collected by centrifugation, washed with 
normal saline, and weighed after drying to constant 
weight for several hours. Lipid was extracted by chloro-
form/methanol (2:1, v/v) and determined according to 
the procedures in the literature [37]. Biomass and lipid 
productivity could be calculated by using the following 
equation [4]:

Here, b2 and b1 are the biomass at the cultivation times of 
t2 and t1. t is the cultivation time (day), equal to 7 days for 
this strain.

The analysis of fatty acid composition was performed 
by gas chromatography [38]. The solvent phase was com-
bined, dried, and weighed. The glucose concentration in 
the medium was determined by the oxidase method [7]. 
The contents of polysaccharide and protein in microalgal 
cells were measured by previous methods [39, 40]. Chlo-
rophyll a, chlorophyll b, and carotenoid were extracted 
with 80% acetone, and their contents were determined by 
spectrophotometry according to the following equations 
[41]:

(1)
Biomass productivity

(

mg L−1 day−1
)

= (b2 − b)
/

(t2 − t)

(2)
Lipid productivity

(

mg L−1 day−1
)

= biomass × lipid content
/

t.

(3)
Chl-a

(

µg
/

mL
)

= 16.72 OD665.2 nm−9.16 OD652.4 nm

(4)
Chl-b

(

µg
/

mL
)

= 34.09 OD652.4 nm−15.28 OD665.2 nm

(5)

Carotenoid
(

µg
/

mL
)

= (1000 OD470 nm−1.63 Chl-a−104.9 Chl - b)
/

221.

All experiments were conducted in triplicate, and the 
standard deviation (SD) was presented. Cells stained with 
Nile Red (dissolved in acetone solution, 0.1  mg  mL−1) 
were observed with a fluorescence microscope (BX51/
TF, Olympus Co., Japan), and the excitation wavelength 
of 530  nm and emission wavelength of 575  nm were 
applied. The maximum photochemical quantum yield of 
PS II reaction centers was reflected by Fv/Fm (the vari-
able/maximum fluorescence ratio) [42].
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