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Abstract 13 

Dunaliella salina is a valuable source of natural metabolites, including lipids, proteins, 14 

glycerol, and carotenoids. However, the physiological mechanisms through which light 15 

quality regulates carbon allocation and biomass synthesis remain unclear. Here, a two-16 

stage culture strategy was used to investigate the effects of white (WL), blue (BL), red 17 

(RL), and green light (GL) on algal growth, biochemical composition, photosynthetic 18 

performance, and the expression of key genes involved in biomass synthesis. BL 19 

promoted cell growth and the accumulation of photosynthetic pigments and proteins, 20 

yielding a maximum specific growth rate of 0.053 ± 0.002 d⁻¹ and a protein content of 21 

381.86 ± 8.16 mg g⁻¹. Chlorophyll and carotenoid concentrations under BL reached 22 

5.535 and 2.185 mg L⁻¹, respectively, exceeding those under the other treatments. These 23 

responses may be associated with enhanced photosynthetic electron transport, carbon 24 

assimilation, photosynthetic and respiratory activity, and reactive oxygen species-25 

scavenging capacity. In contrast, RL produced the highest starch content (6.51 ± 0.10 26 

mg g⁻¹), while WL and RL resulted in higher total lipid contents of 297.07 ± 2.59 and 27 

288.98 ± 8.76 mg g⁻¹, respectively. Overall, light quality differentially affected growth 28 



and biochemical accumulation in D. salina. The increased starch and lipid accumulation 29 

under RL and WL may reflect oxidative-stress-associated adjustments in carbon 30 

allocation and adaptive cellular responses. 31 

Keywords Dunaliella salina · Light quality · Carbon allocation · Electron transport 32 

chain · Biomass composition · Transcriptomics 33 

Introduction 34 

Due to their rapid growth rate, high photosynthetic efficiency, and good environmental 35 

tolerance (Saini et al. 2020), microalgae have become an ideal source of various natural 36 

metabolites, such as proteins (Thangsiri et al. 2024; Yu et al. 2024), lipids (Zhang et al. 37 

2022; Xue et al. 2016), polysaccharides (Kumar et al. 2024; Debnath et al. 2024), and 38 

carotenoids (Mu et al. 2016; Lamers et al. 2008). As a unicellular eukaryote belonging 39 

to the Chlorophyceae family, Dunaliella salina is capable of producing and storing 40 

various bioactive metabolites, such as lipids, proteins, glycerol, and carotenoids, within 41 

its cellular factories (Borowitzka 2013; Singh et al. 2023; Pais et al. 2024; Araj-Shirvani 42 

et al. 2024; Cheni et al. 2024). Reports indicate that D. salina cells can store up to 10% 43 

of their dry weight as carotenoids under photosynthetic autotrophic conditions (Ben-44 

Amotz et al. 1982; Lam and Lee 2014). Till now, large-scale cultivation of D. salina 45 

has been primarily conducted in outdoor open ponds, carried out in countries such as 46 

Australia, Israel, and China (Del Campo et al. 2007; Borowitzka 2013; Li et al. 2020). 47 

The two-stage culture strategy (TSCS) is a method designed to cultivate 48 

microalgae under optimized conditions to achieve high biomass, followed by 49 

maintaining biomass under stress conditions to enhance biomass content (Aziz et al. 50 

2020; Jin et al. 2024). In TSCS-based D. salina cultivation, the objective of the first 51 

stage is to cultivate D. salina in an environment conducive to rapid cell growth to 52 

enhance biomass accumulation, which is referred to as the green cell phase of D. salina; 53 

the second stage focuses on transferring the microalgae cells to stress conditions—such 54 

as high light intensity, high temperature, and nitrogen deprivation—to increase biomass 55 

yield and productivity, which is referred to as the yellow cell phase of the microalgae. 56 



To date, the two-stage culture method has been industrially applied to cultivate 57 

microalgae cells for carotenoid production (Ben-Amotz, 1995; Borowitzka and 58 

Borowitzka 1989; Borowitzka 2013). In both phases of the TSCS, photobioreactors 59 

play a positive role in carotenoid production (Prieto et al. 2011). 60 

In large-scale microalgal cultivation using photobioreactors, light is a key factor 61 

influencing microalgal biomass and biomass accumulation. Among the various light 62 

parameters, light intensity and light quality are particularly critical, as they regulate 63 

microalgal growth and biomass synthesis (Chin et al. 2023; Li et al. 2026). Excessive 64 

light intensity can lead to photooxidation and photoinhibition in microalgae, while 65 

insufficient light intensity fails to support normal photosynthetic activity, thereby 66 

hindering microalgal growth (Esteves et al. 2024). Furthermore, specific light quality 67 

plays a regulatory role in microalgal cell growth and biomass synthesis. Changes in 68 

light quality prompt microalgal cells to adjust their metabolic patterns in response to 69 

environmental changes, thereby influencing microalgal growth and intracellular 70 

compound composition (Kim et al. 2014; Ueno et al. 2019). Under different light 71 

quality conditions, both enzyme activity and cellular chemical composition in 72 

microalgae undergo changes. Due to differences in photoreceptors among various 73 

microalgal species, the optimal light wavelengths also vary (Chen et al. 2023). It has 74 

been reported that microalgal cells divide more rapidly under red light, while those 75 

exposed to blue light exhibit larger cell sizes (Oldenhof et al. 2006; Li et al. 2021; 76 

Izadpanah et al. 2018; Wagner et al. 2016; Kim et al. 2014). However, numerous studies 77 

indicate that the effects of light quality on microalgal growth vary among species 78 

(Bialevich et al. 2022; McGee et al. 2020; Gatamaneni Loganathan et al. 2020). 79 

In recent years, researchers have cultured D. salina cells under various light 80 

quality conditions to investigate the effects on cell growth and biomass accumulation. 81 

For example, Lan et al. (2022) used red light to enhance the expression of the LCYB 82 

gene in green D. salina cells to increase β-carotene content; Mirzaie et al. (2021) 83 

designed a red-blue flashing light switching system based on the growth curves of 84 

D. salina cells to enhance β-carotene synthesis within the cells; Sui et al. (2021) 85 

investigated the effects of different light qualities (red, blue, and white light) on β-86 



carotene production in two Dunaliella species and reported that red light increased the 87 

9-cis/all-trans-β-carotene ratio; Mohebi Najafabadi and Naeimpoor (2023) applied red, 88 

blue, or mixed monochromatic light to D. salina cells during the two stages of a two-89 

phase culture system to investigate the effects on intracellular β-carotene content; 90 

Mohanta et al. (2024) optimized light conditions (light intensity and quality) to enhance 91 

lipid accumulation in D. salina cells. However, to date, few studies have investigated 92 

the effects of monochromatic light on cellular energy allocation, carbon flux 93 

distribution, and the expression of related genes in D. salina. The regulatory 94 

mechanisms by which light quality influences primary metabolic processes, particularly 95 

photosynthesis and respiration, remain poorly understood. 96 

In this study, the effects of different light qualities on energy metabolism and 97 

carbon allocation in D. salina were investigated through physiological and biochemical 98 

measurements, including cell density, cell dry weight, pigment content, respiratory 99 

oxygen consumption rate, photosynthetic oxygen evolution rate, chlorophyll 100 

fluorescence parameters, reactive oxygen species (ROS) levels, antioxidant enzyme 101 

activities, and intracellular biochemical composition, combined with whole-102 

transcriptome sequencing. Furthermore, the expression levels of key genes involved in 103 

photosynthesis and respiration under different light conditions were analyzed to gain 104 

insights into the regulatory mechanisms of these primary metabolic processes and to 105 

provide a scientific basis for optimizing the two-stage cultivation strategy of D. salina. 106 

Materials and Methods 107 

Algal Strain and Culture Methods 108 

Dunaliella salina (IOCAS 879ss) was obtained from the Institute of Oceanology, 109 

Chinese Academy of Sciences (Qin et al. 2021). The algal cells were cultured through 110 

a modified Johnson’s medium (Borowitzka 1988). All D. salina cultures were 111 

maintained at 30 ± 1°C, under an irradiance of 80 ± 10 μmol m⁻² s⁻¹ (provided by white 112 

light-emitting diodes (LEDs)), and a 12-h light/12-h dark cycle until they reached the 113 

exponential growth phase. To prevent cell adhesion, the conical flasks containing the 114 



cultures were manually shaken three times daily. 115 

Algal Strain and Culture Methods 116 

To investigate the effects of different light qualities, the experiment was conducted in a 117 

precision multi-light-quality combination tunable light incubator (Taizhou Haijiang 118 

Bioengineering Technology Co., Ltd., China), with a controlled cultivation temperature 119 

of 30 ± 1°C and a light-dark cycle of 12 h:12 h. Lighting was provided by four artificial 120 

light sources in different spectral regions: blue LED strips, red LED strips, white LED 121 

strips, and green LED strips. To ensure spectral purity, opaque steel plates were used to 122 

isolate the different spectral zones. A spectral flicker photometer (OHSP-350SF, 123 

Hangzhou Hongpu Optical Technology Co., Ltd., China) was used to measure the 124 

spectra of the artificial light sources in different light quality zones within the light-125 

controlled incubator between 350 and 700 nm with a resolution of 1 nm (Fig. 1). Three 126 

biological replicates were set up for each light quality condition. D. salina  cells were 127 

cultured for a total of 50 days, and the light management strategies during the culture 128 

period are shown in Table 1. 129 

Table 1 Light Management during Culturing 130 

Experimental period (d) Light intensity (μmol m-2 s-1) 

0~5 50±5 (LL) 

5~30 100±10 (ML) 

30~50 200±20 (HL) 

To simulate the physiological transition from vegetative growth to stress-induced 131 

metabolism during the two-stage cultivation of D. salina, a three-stage strategy with 132 

progressively increasing light intensity was applied over a 50-day cultivation period. 133 

Light intensities were maintained at 50 ± 5, 100 ± 10, and 200 ± 20 μmol m⁻² s⁻¹ during 134 

days 0-5, 5-30, and 30-50, respectively. This strategy was designed according to the 135 

stage-specific light requirements and tolerance of D. salina to sequentially facilitate 136 

cellular acclimation, biomass accumulation, and stress induction. The gradual increase 137 

in irradiance was intended to minimize premature photoinhibition associated with 138 



excessive light exposure during the early growth phase while providing sufficient light 139 

to support biomass production and subsequent stress-induced metabolic responses. 140 

Such temporal separation of the growth and induction phases may help balance the 141 

physiological trade-off between cell proliferation and the accumulation of stress-142 

responsive metabolites, particularly β-carotene (Xi et al. 2021; Kim et al. 2024a, b). 143 

During the initial cultivation phase (days 0–5), low-light (LL) conditions were 144 

employed primarily to facilitate the adaptation of newly inoculated cells to the culture 145 

environment and to reduce the risks associated with excessive excitation of the 146 

photosynthetic apparatus, reactive oxygen species (ROS) accumulation, and PSII 147 

photoinhibition caused by a sudden increase in light intensity. Recent studies have 148 

shown that low-light conditions can maintain relatively stable photochemical activity 149 

and photosynthetic electron transport in D. salina, whereas high-light exposure can 150 

rapidly decrease PSII activity and induce pronounced oxidative stress responses (Kim 151 

et al. 2024b; Zhao et al. 2025). Accordingly, a relatively low light intensity was applied 152 

during the initial cultivation stage to minimize the risk of photoinhibition while 153 

maintaining sufficient light for basal photosynthetic activity, thereby facilitating 154 

acclimation of the photosynthetic apparatus and providing a stable physiological basis 155 

for subsequent cell growth. 156 

Once the cells had completed their initial acclimation, the light intensity was 157 

increased to 100 ± 10 μmol m⁻² s⁻¹ (ML) during days 5–30 to enhance photosynthetic 158 

carbon fixation and cell proliferation, thereby promoting biomass accumulation and 159 

establishing a sufficiently high cell density for the subsequent induction stage. This 160 

phase corresponded to the vegetative growth stage of the conventional two-stage 161 

cultivation strategy, in which the primary objective was to sustain efficient 162 

photosynthetic activity while avoiding premature exposure to excessive light stress. 163 

Previous studies have shown that the growth and β-carotene accumulation of D. salina 164 

depend strongly on the amount of light received by individual cells; appropriate 165 

irradiance supports biomass production, whereas excessive irradiance can 166 

progressively redirect cellular metabolism from growth toward photoprotective 167 

responses (Xi et al. 2021). Accordingly, moderate light intensity was maintained during 168 



days 5–30 to balance light-energy supply and the risk of photoinhibition, thereby 169 

favoring the allocation of photosynthetically fixed carbon toward cell proliferation and 170 

biomass accumulation and providing an adequate cellular basis for the subsequent 171 

stress-induction stage. 172 

From days 30 to 50, the light intensity was further increased to 200 ± 20 μmol m⁻² 173 

s⁻¹ (HL). As cell density increases, light absorption and scattering within the culture 174 

become more pronounced, resulting in stronger self-shading and a reduction in the 175 

effective photon supply to individual cells. Increasing the incident irradiance can 176 

therefore partially compensate for light attenuation in dense cultures (Xi et al. 2021). 177 

In addition, enhanced irradiance increases excitation pressure on the photosynthetic 178 

apparatus and promotes ROS-mediated signaling, which can activate carotenoid 179 

biosynthetic pathways and stimulate the accumulation of photoprotective metabolites, 180 

particularly β-carotene (Chen et al. 2024; Kim et al. 2024a, b). Previous studies have 181 

shown that, under high-light conditions, cellular metabolism in D. salina can shift from 182 

rapid growth toward carotenoid biosynthesis and photoprotective responses, whereas 183 

prolonged exposure to excessive irradiance may suppress cell growth. Accordingly, 184 

high-light treatment was initiated only after sufficient biomass had accumulated, 185 

thereby separating the biomass accumulation and stress induction phases and mitigating 186 

the trade-off between cell growth and stress-responsive metabolism. 187 

In summary, this study employed a stepwise increase in light intensity (50 → 100 188 

→ 200 μmol m⁻² s⁻¹) and introduced an initial low-light acclimation phase into the 189 

conventional two-stage cultivation strategy of biomass accumulation followed by stress 190 

induction, thereby establishing a three-stage cultivation strategy comprising low-light 191 

acclimation, moderate-light growth, and high-light induction. This strategy can 192 

alleviate light stress during the early cultivation phase and enables higher biomass 193 

accumulation during the middle phase; in the late cultivation phase, it can promote the 194 

synthesis of photoprotective metabolites such as β-carotene by compensating for light 195 

attenuation within the system and applying strong light stress. 196 

Algal cells were harvested every 5 days for cell imaging, cell density, and 197 

photosynthetic pigment measurements. On day 50, all D. salina cells were harvested 198 



for the determination of intracellular physiological and biochemical parameters, 199 

photosynthetic and respiratory rates, reactive oxygen species (ROS) levels, and 200 

antioxidant enzyme activity, as well as for transcriptomic analysis.201 

 202 

Fig. 1 Relative Emission Spectra of Artificial Light Sources Applied in Photobioreactors 203 

Determination of Cell Morphology, Dry Weight, Algal Cell Density, and Specific 204 

Growth Rate 205 

Recording of algal cell and algal culture images: Changes in the color of the algal 206 

culture in the cell culture flask were observed with the naked eye and photographs were 207 

taken for documentation. Algal cell density was determined by manual counting using 208 

a hemocytometer and a 37 XB inverted microscope (Shanghai Optical Instrument 209 

Factory, Co., Ltd., China). 210 

Determination of D. salina dry weight: The ash-free dry weight (AFDW) of 211 

D. salina biomass was determined using the gravimetric method (Sui et al. 2021). First, 212 

a clean glass weighing dish was placed on an analytical balance (CP114, Ohaus 213 



Instruments (Changzhou) Co., Ltd., China) and weighed, with the weight recorded as 214 

M1. Next, 60 mL of algal suspension is centrifuged at 8,000 g for 10 minutes; the 215 

supernatant was discarded, and all the precipitate was collected into the glass weighing 216 

dish. The glass weighing dish was then placed in a 105°C oven and dried for 48 h. 217 

Afterward, the glass weighing dish was transferred to a desiccator. Once cooled to room 218 

temperature, it was placed on an analytical balance (CP114, Ohaus Instruments 219 

(Changzhou) Co., Ltd., China) and weighed, with the weight recorded as M2. AFDW 220 

is calculated using the following formula: 221 

 
V

M-M
  )/(AFDW 

21
=Lg  222 

Here, M1 and M2 (mg) are the recorded weights, and V is the volume of the centrifuged 223 

microalgal suspension (60 mL). 224 

Determination of algal cell density and specific growth rate: Algal cell density was 225 

determined by manual counting using a hemocytometer and a 37XB inverted 226 

microscope (Shanghai Optical Instrument Factory, Co., Ltd., China). The specific 227 

growth rate (μ) of D. salina cells was calculated using the following formula 228 

(Moheimani and Parlevliet 2013): 229 

 230 

In this context, N2 (final) and N1 (initial) respectively represent the cell densities 231 

(cells/mL) measured using a hemocytometer at times T2 and T1. 232 

Determination of Pigment Content 233 

Determination of chlorophyll a and b (Chl a and Chl b): The concentrations of Chl a 234 

and Chl b in the cultures were determined using a modified ethanol extraction method 235 

based on Danesh et al. (2017) and the spectrophotometric method described by Arnon 236 

(1949). Briefly, 2 mL of algal suspension was centrifuged at 8,000 × g for 10 min, and 237 

the resulting cell pellet was subjected to lysis in a boiling water bath for 2 min. 238 

Subsequently, 2 mL of 96% ethanol was added to the lysed cells, and the mixture was 239 

thoroughly mixed and heated in a boiling water bath for 15 min. The mixture was then 240 

centrifuged at 8,000 × g for 10 min to separate the pigment-containing supernatant. The 241 

）（）（ 1212 /lnN-lnNμ TT −=



absorbance of the supernatant was measured at 665, 649, and 470 nm (A₆₆₅, A₆₄₉, and 242 

A₄₇₀, respectively) using a spectrophotometer (756S, Shanghai Guangling Technology 243 

Co., Ltd., China). The concentrations of chlorophyll a and chlorophyll b (mg L⁻¹) were 244 

subsequently calculated according to the corresponding equations. 245 

 Determination of β-carotene: The β-carotene content was determined using high-246 

performance liquid chromatography (HPLC) according to the method described by 247 

Priscilla et al. (2024). Briefly, 2 mL of algal suspension was centrifuged at 8,000 × g 248 

for 10 min, and the resulting cell pellet was subjected to lysis in a boiling water bath 249 

for 2 min. Subsequently, 2 mL of 96% ethanol was added to the lysed cells, and the 250 

mixture was thoroughly mixed and heated in a boiling water bath for 15 min. The 251 

mixture was then centrifuged at 8,000 × g for 10 min to obtain the pigment-containing 252 

supernatant. An aliquot of 20 μL of the pigment extract was transferred to an HPLC vial 253 

and injected into the HPLC system for analysis. 254 

 The chromatographic analysis was performed using an Agilent 1260 Infinity II 255 

HPLC system equipped with a C30 YMC™ Carotenoid column (4.6 mm × 250 mm, 5 256 

μm). The mobile phase consisted of solvent A [acetonitrile/methanol (3:1, v/v) 257 

containing 0.05% triethylamine (v/v)] and solvent B [methyl tert-butyl ether (MTBE) 258 

containing 0.05% triethylamine (v/v)]. Both mobile phases were degassed by 259 

ultrasonication prior to use. The gradient elution program was as follows: the proportion 260 

of mobile phase B was linearly increased from 0% to 55% over 8 min and then 261 

maintained at 55% for 27 min. The flow rate was set at 1.0 mL min⁻¹, the detection 262 

wavelength was 475 nm, the injection volume was 20 μL, and the column temperature 263 

was maintained at 30 °C. 264 

Determination of Chlorophyll Fluorescence Parameters 265 

Following the method described by Li et al. (2024), Chl a fluorescence transients were 266 

measured using a FluorPen chlorophyll fluorometer (AquaPen-Ap110-C, Czech 267 

Republic). Prior to measurement, algal suspensions from different light quality 268 

treatments were transferred to cuvettes and dark-adapted for 20 min. Nine parallel 269 

technical measurements were performed for each treatment. Saturated red light at 3000 270 



μmol m⁻² s⁻¹ was generated by a light-emitting diode (LED) array with a peak 271 

wavelength of 650 nm. Chl a fluorescence transient parameters were obtained using a 272 

2-s saturating red-light pulse, and the OJIP transients were analyzed according to the 273 

OJIP test protocol proposed by Strasser (1995). The relevant Chl a fluorescence 274 

transient parameters and their biological significance are presented in Table 2. 275 

Table 2 Chl a Fluorescence Transient Parameters (Strasser et al. 2004) 276 

Parameters Biological significance  

Fv/Fm Maximum photochemical efficiency of the PSII  

PIABS Performance index on absorption basis  

ABS/RC Absorption flux per RC  

TR0/RC Trapped energy flux per RC (at t=0) 

ET0/RC Electron transport flux per RC (at t=0)  

DI0/RC Dissipated energy flux per RC (at t=0) 

1-Vj 

Probability (at t = 0) that a trapped exciton moves an 

electron into the electron transportchain beyond 

QA
−
 

Determination of Photosynthetic Oxygen Evolution Rate and Respiration Rate 277 

Following the method described by Li et al. (2024), an oxygen electrode (YQZ-201A, 278 

Yizongqi Technology Co., Ltd., Beijing) was used. Net photosynthetic oxygen 279 

evolution rate and respiratory oxygen uptake rate were measured at 20± 1 °C. 280 

Approximately 14 mL of algal suspension was placed in the electrode chamber, and 1 281 

mL of saturated KHCO₃ solution was added to generate sufficient CO₂ for 282 

photosynthetic reactions. The electrode chamber was then sealed with the electrode. 283 

Oxygen release was subsequently measured under a photosynthetic light intensity of 284 

200 μmol m⁻² s⁻¹. Dark respiration was estimated based on oxygen uptake by algal cells 285 

in the dark. The true photosynthetic rate was calculated as the sum of the oxygen release 286 

rate and the dark respiration rate. 287 

Determination of Reactive Oxygen Species (ROS) and Antioxidant Enzyme 288 

Activity 289 



Reactive oxygen species (ROS) levels and oxidative damage in D. salina cells were 290 

characterized by measuring the concentrations of hydrogen peroxide (H₂O₂) and 291 

malondialdehyde (MDA), respectively (Bamary et al. 2022). Antioxidant enzyme 292 

activity was primarily assessed by measuring the activities of superoxide dismutase 293 

(SOD) and ascorbate peroxidase (APX) (Singh et al. 2023). 294 

After 50 days of cultivation under different light conditions, the concentrations of 295 

malondialdehyde (MDA) and hydrogen peroxide (H₂O₂) in D. salina cells, as well as 296 

the activities of superoxide dismutase (SOD) and ascorbate peroxidase (APX), were 297 

determined. A 50 mL aliquot of algal suspension was centrifuged at 10,000 × g and 4 °C 298 

for 10 min to collect the cell pellet. The collected cell pellet was ground in a mortar and 299 

pestle with pre-chilled extraction buffer (50 mM phosphate buffer, pH 7.8) in the 300 

presence of liquid nitrogen. 301 

The H₂O₂ content was determined according to the method proposed by Ferguson 302 

et al. (1983). Following centrifugation at 10,000 × g for 10 min, 0.6 mL of 20% titanium 303 

tetrachloride (TiCl₄) and 0.4 mL of 30% ammonium hydroxide were added to 1 mL of 304 

the supernatant. The mixture was then centrifuged at 4,000 × g for 15 min. Subsequently, 305 

20% (v/v) sulfuric acid (H₂SO₄) was added to the resulting precipitate to dissolve it. 306 

The absorbance was measured at 410 nm. 307 

The MDA content was determined according to the method proposed by Heath 308 

and Packer (1968). Following centrifugation at 10,000 × g for 10 min, 2 mL of 0.6% 309 

(v/v) thiobarbituric acid (TBA) was added to 2 mL of the supernatant. The mixture was 310 

incubated in a 100 °C water bath for 15 min, cooled, and then centrifuged at 3,000 × g 311 

for 10 min. The absorbance of the supernatant was measured at 450, 530, and 600 nm. 312 

 The activities of SOD and APX were determined using a Superoxide Dismutase 313 

Assay Kit and an Ascorbate Peroxidase Assay Kit, respectively (Nanjing Jiancheng 314 

Institute of Biological Engineering). SOD catalyzes the dismutation of O₂⁻ to O₂ and 315 

H₂O₂, whereas APX is a peroxidase that uses ascorbate as an electron donor and plays 316 

a key role in H₂O₂ scavenging in chloroplasts. The activities of SOD and APX can serve 317 

as indirect indicators of oxidative stress in D. salina (Li et al. 2024; Guermazi et al. 318 

2023). 319 



Determination of Intracellular Protein, Total Fat, Glycerol, and Starch Content 320 

The determination of protein content followed the method proposed by Araj-Shirvani 321 

et al. (2024). Polyvinylpyrrolidone (0.05 g) and phosphate buffer (pH 7) were mixed 322 

with 100 mL of D. salina cell suspension, followed by centrifugation at 9000 g for 3 323 

minutes. The supernatant was mixed with 2 mL of Coomassie Brilliant Blue dye, and 324 

the absorbance of the mixture at 595 nm was measured using a UV-visible 325 

spectrophotometer (756S, Shanghai Lengguang Technology Co., Ltd., China). Protein 326 

content was calculated based on a standard curve prepared using bovine serum albumin 327 

(Bradford 1976). 328 

The determination of starch content was based on the method proposed by 329 

Mirshekari et al. (2019). The algal cell pellet (obtained by centrifuging 60 mL of algal 330 

suspension at 10,000 g for 10 minutes) was decolorized with acetone and extracted with 331 

80% (v/v) ethanol to remove all soluble sugars. Subsequently, starch was extracted from 332 

the sugar-free cell pellet using a modified acid hydrolysis method (Mirshekari et al. 333 

2019). Finally, the starch content was calculated by measuring the glucose 334 

concentration in the extract using the anthrone-sulfuric acid method. 335 

The glycerol content was determined according to the method proposed by Chen 336 

et al. (2019). The algal cell pellet, obtained by centrifuging 30 mL of algal suspension 337 

at 10,000 × g for 10 min, was extracted with 1.5 mL of distilled water and 0.2 mL of 338 

chloroform. The mixture was subjected to ultrasonic disruption twice for 30 s each, 339 

with a 2-min interval between the two treatments, followed by centrifugation at 12,000 340 

× g for 10 min. Subsequently, 0.2 mL of the glycerol-containing supernatant was mixed 341 

with 1 mL of sodium periodate reagent, consisting of 3 mM sodium periodate and 100 342 

mM ammonium acetate dissolved in 100 mL of 6% acetic acid. After 5 min, 2.5 mL of 343 

acetone–isopropanol reagent (acetone/isopropanol, 1:99, v/v) was added to the mixture. 344 

The mixture was then incubated in a 60 °C water bath for 30 min, and its absorbance at 345 

410 nm was measured using a UV–Vis spectrophotometer. The glycerol concentration 346 

was calculated based on a glycerol calibration curve. 347 

The determination of total lipid content was based on the method proposed by 348 



Bligh and Dyer (1959). Total lipid content was determined using the chloroform-349 

methanol method followed by gravimetric analysis. The algal pellet (obtained by 350 

centrifuging 60 mL of algal suspension at 10,000 g for 10 minutes) was weighed on an 351 

analytical balance and extracted with a chloroform: methanol (2:1, v/v) solution. The 352 

mixed solution was centrifuged at 10,000 g for 10 minutes to separate the organic phase 353 

from the aqueous phase. The organic phase was transferred to a pre-weighed weighing 354 

flask and placed in a constant-temperature forced-air drying oven (DGG-9240A, 355 

Shanghai Senxin Laboratory Instrument Co., Ltd., China) at 120°C until it reached a 356 

constant weight. The weighing flask was then weighed on an analytical balance after 357 

evaporation and drying, and the total lipid content was calculated accordingly. 358 

Transcriptomic Analysis 359 

RNA sequencing and standard bioinformatics analysis were performed by Shanghai 360 

Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China) (Liu et al. 2023). In 361 

brief, total RNA was extracted from BL, RL, WL, and GL-treated samples, and first-362 

strand cDNA was synthesized using random hexamer primers and M-MuLV reverse 363 

transcriptase. To select cDNA fragments with a preferred length of 240 bp, library 364 

fragments were purified using the AMPure XP system (Beckman Coulter). Next, 3 μL 365 

of USER enzyme (NEB) was incubated with the size-selected, adapter-ligated cDNA 366 

for 15 minutes at 37°C, followed by 5 minutes at 95°C, prior to PCR. PCR was then 367 

performed using Adhesion high-fidelity DNA polymerase, universal PCR primers, and 368 

Index (X) primers. Finally, the PCR products were purified (AMPure XP system) and 369 

library quality was assessed on an Agilent Bioanalyzer 2100 system. The library was 370 

then sequenced using the Illumina HiSeq X-ten platform with 240 bp paired-end (PE) 371 

reads. Use the BMKCloud (www.biocloud.net) online bioinformatics pipeline. 372 

Annotate gene functions based on the following databases: NR (NCBI Non-Redundant 373 

Protein Sequences), Pfam (Protein Families), KOG/COG/eggNOG (clusters of protein 374 

orthologous groups), Swiss-Prot (a manually annotated and reviewed protein sequence 375 

database), KEGG (Kyoto Encyclopedia of Genes and Genomes), and GO (Gene 376 

Ontology), with a threshold of |log2FC| > 1 and a false discovery rate (FDR) < 0.05. 377 



Three biological replicates were analyzed for each light treatment. GO and KEGG 378 

pathway enrichment analyses were conducted using the Kolmogorov-Smirnov test 379 

based on the topGO R package and the KOBAS software, respectively. The raw read-380 

sequencing data have been deposited in the NCBI database under accession number 381 

PRJNA1165417. 382 

Statistical Analysis 383 

Data in the Fig.s are presented as “mean ± standard deviation (SD)” for replicates. One-384 

way analysis of variance (ANOVA) was performed, supplemented by LSD post-hoc 385 

tests. All analyses were conducted using SPSS Statistics 26.0 software. All data were 386 

subjected to normality and homogeneity of variance tests to confirm their suitability for 387 

statistical analysis. When significant differences were detected, post-hoc comparisons 388 

of means (Tukey or Games-Howell tests) were performed to identify which values 389 

differed significantly. A p-value less than 0.05 was considered statistically significant. 390 

Results 391 

Effects of Monochromatic Light Quality on Dunaliella Cells 392 

HL irradiation caused rapid morphological changes in D. salina cells. After switching 393 

from medium light (ML, 100 ± 10 μmol m⁻² s⁻¹) to high light (HL, 200 ± 20 μmol m⁻² 394 

s⁻¹), Cell morphology and growth patterns were examined. Both the D. salina culture 395 

and cells under BL, RL, and WL began to turn orange, whereas those under GL 396 

remained green (Fig. 2A, B). This indicates that upon the transition from ML to HL, 397 

carotenoids rapidly accumulated in D. salina cells under BL, RL, and WL, whereas 398 

D. salina cells under GL did not accumulate carotenoids in significant amounts. 399 

During the 50-day cultivation cycle, the highest cell density and dry weight were 400 

observed in D. salina under BL treatment (Fig. 3A, B). During the 0–5-day low-light 401 

(LL, 50 ± 5 μmol m⁻² s⁻¹) acclimation period, the specific growth rates under RL and 402 

WL were significantly higher than those under BL and GL, indicating that D. salina 403 

under RL and WL could adapt to the new environment more quickly than those under 404 

BL and GL. During the medium-light (ML, 100 ± 10 μmol m⁻² s⁻¹) growth phase from 405 



days 5 to 30, the highest specific growth rate (μ) was observed under BL exposure 406 

(0.0129 ± 0.0003 d⁻¹), slightly higher than the specific growth rates under WL (0.0078 407 

± 0.0023 d⁻¹) and GL (0.0037 ± 0.0026 d⁻¹), and significantly higher than that under RL 408 

(0.0025 ± 0.0017 d⁻¹). This indicates that D. salina under BL exposure grows better 409 

than under other light conditions in a suitable environment. During the 30–50-day 410 

period of high-light (HL, 200 ± 20 μmol m⁻² s⁻¹) stress, the growth rates of D. salina 411 

under all light conditions were inhibited to varying degrees. The μ values for algal cells 412 

exposed to WL and RL were -0.01 ± 0.0002 d⁻¹ and -0.003 ± 0.0018 d⁻¹, respectively, 413 

whereas algal cells exposed to BL and GL light still maintained a certain degree of 414 

growth, with μ values of 0.002 ± 0.0023 d⁻¹ and 0.003 ± 0.0007 d⁻¹, respectively. This 415 

indicates that D. salina exposed to BL and GL light adapted better to the stress 416 

environment than those exposed to WL and RL. Throughout the entire 50-day 417 

cultivation period, the specific growth rate of D. salina under BL exposure (0.053 ± 418 

0.002 d⁻¹) was significantly higher than that under other light conditions (0.046 ± 0.002 419 

d⁻¹; 0.043 ± 0.002 d⁻¹; 0.045 ± 0.001 d⁻¹), indicating that BL exposure was more 420 

conducive to cell division and proliferation in D. salina than other light conditions 421 

throughout the entire cultivation period (50 days) (Fig. 3C). 422 



 423 

Fig. 2 Changes in the color of the algal culture (A) and cell morphology (B) of Dunaliella salina 424 

after 50 days of cultivation under gradient illumination with blue light (BL), red light (RL), green 425 

light (GL), and white light (WL) 426 



 427 



Fig. 3 Growth curves (A), dry weight (B), and specific growth rates (C) of halophilic Dunaliella 428 

after 50 days of cultivation under blue light (BL), red light (RL), green light (GL), and white light 429 

(WL) gradients. Data represent the mean ± SD of three biological replicates. Different letters (e.g., 430 

a, b, and c) between treatment groups indicate significant differences (P < 0.05) 431 

Effect of Light Quality on Pigment Content in Dunaliella 432 

Since the chlorophyll in D. salina consists of chlorophyll a and chlorophyll b, the total 433 

chlorophyll content is expressed as chlorophyll (a+b) (Araj-Shirvani et al. 2024). 434 

During the 50-day cultivation period, D. salina exposed to BL and GL had higher 435 

chlorophyll content than those under RL and WL. Notably, during the medium-light 436 

(ML, 100 ± 10 μmol m⁻² s⁻¹) growth phase from days 5 to 30, there were no significant 437 

differences in chlorophyll content among the BL, RL, and WL treatments (P > 0.05), 438 

but they were significantly higher than in the GL treatment. However, after transition 439 

from medium light (ML, 100 ± 10 μmol m⁻² s⁻¹) to high light (HL, 200 ± 20 μmol m⁻² 440 

s⁻¹), the chlorophyll content in the RL and WL treatments decreased significantly, the 441 

growth rate of chlorophyll content in D. salina under the BL treatment slowed, whereas 442 

chlorophyll content in D. salina under the GL treatment increased significantly; this 443 

may be related to the fact that D. salina under GL was still in the green cell stage (Fig. 444 

4A). The carotenoid and β-carotene contents of D. salina exposed to BL were 445 

significantly higher than those under other light conditions throughout the 50-day 446 

cultivation period (Fig. 4B, C). In summary, over the 50-day cultivation period, D. 447 

salina exposed to BL exhibited the highest chlorophyll, carotenoid, and β-carotene 448 

contents, indicating that BL exposure is more conducive to the synthesis of chlorophyll, 449 

carotenoids, and β-carotene in D. salina cells. 450 



 451 



Fig. 4 Chlorophyll concentration (A), carotenoid concentration (B), and β-carotene concentration 452 

(C) of halophilic Dunaliella after 50 days of cultivation under blue light (BL), red light (RL), green 453 

light (GL), and white light (WL) gradients. Data represent the mean ± SD of three biological 454 

replicates. Different letters (e.g., a, b, and c) among treatment groups indicate significant differences 455 

(P < 0.05) 456 

Effects of Light Quality on the Cellular Composition of Dunaliella 457 

After 50 days of cultivation, the protein, total lipid, glycerol, and starch contents of D. 458 

salina grown under different light quality conditions were determined (Fig. 5). The 459 

highest protein content was observed under blue light (BL) treatment (381.86 ± 8.16 460 

mg g⁻¹), which was significantly higher than those under white light (WL; 297.54 ± 461 

4.05 mg g⁻¹), red light (RL; 294.95 ± 6.17 mg g⁻¹), and green light (GL; 248.42 ± 9.81 462 

mg g⁻¹). In contrast, the total lipid content was highest under WL (297.07 ± 2.59 mg 463 

g⁻¹), followed closely by RL (288.98 ± 8.76 mg g⁻¹), with significantly lower values 464 

observed under GL (268.13 ± 0.89 mg g⁻¹) and BL (226.10 ± 24.86 mg g⁻¹) compared 465 

with WL. Glycerol content was lowest under GL treatment (0.73 ± 0.26 mg g⁻¹), 466 

significantly lower than that under the other light conditions. Starch accumulation was 467 

most pronounced under RL, reaching 6.51 ± 0.10 mg g⁻¹, which was significantly 468 

higher than the values recorded under GL (5.15 ± 0.68 mg g⁻¹), BL (3.36 ± 0.18 mg g⁻¹), 469 

and WL (2.74 ± 0.01 mg g⁻¹). Collectively, these results indicate that light quality 470 

differentially influences the biochemical composition of D. salina. Specifically, BL 471 

favors protein accumulation, WL and RL are associated with relatively high lipid 472 

contents, GL appears to suppress glycerol accumulation, and RL promotes starch 473 

accumulation.474 



 475 

Fig. 5 Protein, total lipid, glycerol, and starch contents of Dunaliella salina cultured for 50 days 476 

under blue light (BL), red light (RL), green light (GL), and white light (WL) gradients. Data 477 

represent the mean ± SD of three biological replicates. Different letters (e.g., a, b, and c) between 478 

treatment groups indicate significant differences (P < 0.05) 479 

Effects of Light Quality on the Photosynthesis of Dunaliella salina 480 

After a 50-day cultivation period, the photosynthetic oxygen evolution rate, chlorophyll 481 

fluorescence parameters, and gene expression levels in the photosynthetic pathways 482 

(photosynthetic phosphorylation and the Calvin cycle) of D. salina were measured 483 

under different light quality conditions. The photosynthetic oxygen evolution rate of 484 

D. salina cells exposed to BL and GL was significantly higher than that of cells exposed 485 

to WL and RL (Fig. 6A). Analysis of chlorophyll fluorescence parameters revealed 486 

significant differences in the effects of different light qualities on the photosynthetic 487 

capacity of D. salina cells and the light energy absorption of the PSII reaction center 488 

(RC). Fv/Fm and Pi_ABS values measured under BL and GL were significantly higher 489 

than those under WL and RL, whereas DI0/RC values were higher under WL and RL 490 



compared to other light conditions. This indicates that more light energy was dissipated 491 

by D. salina under WL and RL, suggesting that D. salina exhibits higher photosynthetic 492 

capacity and reaction center photosynthetic efficiency under BL and GL. In contrast, 493 

the photosynthetic capacity and photosynthetic efficiency of the reaction centers in 494 

D. salina were significantly impaired under WL and RL, resulting in a substantial 495 

increase in the amount of light energy dissipated due to inability to utilize it (Fig. 6B). 496 

As shown in Fig. 6C, differentially expressed genes (DEGs) were identified in the 497 

four complexes of the photosynthetic phosphorylation pathway (KO: 00195). Under 498 

different light conditions, two genes were differentially expressed in the PSII complex; 499 

two genes were differentially expressed in the cytochrome b6f (Cyt b6f) complex; and 500 

five genes were differentially expressed in the PSI complex; and six genes in the ATP 501 

synthase complex. Notably, these differentially expressed genes were upregulated 502 

under BL exposure compared to other light conditions. This suggests that BL is more 503 

conducive to electron transport in the photosynthetic phosphorylation pathway of 504 

D. salina. As shown in Fig. 6D, three enzyme genes in the Calvin cycle (KO:00710) 505 

were differentially expressed, namely fructose-1,6-bisphosphatase (FBP), 506 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and ribulose-1,5-bisphosphate 507 

carboxylase/oxygenase(Rubisco). Fructose-1,6-bisphosphatase (FBP), glyceraldehyde-508 

3-phosphate dehydrogenase (GAPDH), and ribulose-1,5-bisphosphate 509 

carboxylase/oxygenase (Rubisco) play crucial roles in plant photosynthesis (Wu et al. 510 

2025; Shin et al. 2024; Ge et al. 2020; Köhler et al. 2017). Among these, Rubisco is the 511 

rate-limiting enzyme in the Calvin cycle (Prywes et al. 2023; Rajarathinam et al. 2025). 512 

Two genes were differentially expressed for FBP and Rubisco, respectively, while one 513 

gene was differentially expressed for glyceraldehyde-3-phosphate dehydrogenase 514 

(GAPDH). Under BL exposure, the differentially expressed genes for these three 515 

enzymes were upregulated compared to other light conditions. This suggests that BL 516 

exposure promotes the enhancement of carbon assimilation efficiency within D. salina 517 

cells. 518 
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Fig. 6 Photosynthetic oxygen evolution rate of Dunaliella salina cultured for 50 days under blue 520 

(BL), red (RL), green (GL), and white light (WL) (A), chlorophyll a fluorescence transient 521 

parameters (B), a schematic diagram of the photosynthetic electron transport chain (C), and a 522 

schematic diagram of the relative changes in the Calvin cycle and differentially expressed genes 523 

(DEGs) (squares) under different light qualities (D). Data represent the mean ± SD of three 524 

biological replicates. Different letters (e.g., a and b) between treatment groups indicate significant 525 

differences (P < 0.05) 526 

Effects of Light Quality on Dunaliella Respiration 527 

After a 50-day cultivation period, the respiratory oxygen consumption rate, reactive 528 

oxygen species (ROS) levels, antioxidant enzyme activity, and gene expression levels 529 

in the oxidative phosphorylation (respiratory electron transport chain) pathway of 530 

D. salina were measured under different light quality conditions. As shown in Fig. 7A, 531 

the respiratory oxygen consumption rate of D. salina cells exposed to WL (26.72 ± 1.28 532 

fmol hour⁻¹ cell⁻¹) was significantly higher than that under other light conditions. 533 

Analysis of ROS levels and antioxidant enzyme activity revealed significant differences 534 

in the effects of different light conditions on intracellular ROS levels and the degree of 535 

plasma membrane peroxidation in D. salina cells. The H₂O₂ content in D. salina cells 536 

exposed to WL (7.43 ± 0.04 nmol (10⁵ cells)⁻¹) was significantly higher than that under 537 

RL exposure (6.14 ± 0.04 nmol (10⁵ cells)⁻¹), BL exposure (3.85 ± 0.03 nmol (10⁵ 538 

cells)⁻¹), and GL exposure (0.56 ± 0.04 nmol (10⁵ cells)⁻¹) (Fig. 7B); The MDA content 539 

in D. salina cells exposed to WL (86.58 ± 1.63 pmol (10⁵ cells)⁻¹) was significantly 540 

higher than the MDA content under RL exposure (51.37 ± 0.44 pmol (10⁵ cells)⁻¹)), BL 541 

exposure (40.54 ± 0.01 pmol (10⁵ cells)⁻¹)), and GL exposure (39.58 ± 6.04 pmol (10⁵ 542 

cells)⁻¹)) (Fig. 7C); SOD activity in D. salina cells exposed to WL (0.87 ± 0.08 U (10⁵ 543 

cells)⁻¹)) was significantly higher than that under RL exposure (0.70 ± 0.06 U (10⁵ 544 

cells)⁻¹)), GL exposure (0.58 ± 0.01 U (10⁵ cells)⁻¹)), and BL exposure (0.52 ± 0.01 U 545 

(10⁵ cells)⁻¹)) (Fig. 7D); The APX activity of D. salina cells exposed to WL (7.30 ± 546 

0.08 nmol min⁻¹ (10⁵ cells)⁻¹) was significantly higher than that under RL exposure 547 

(4.19 ± 0.18 nmol min⁻¹ (10⁵ cells)⁻¹), BL exposure (3.34 ± 0.33 nmol min⁻¹ (10⁵ 548 



cells)⁻¹), and GL exposure (1.68 ± 0.10 nmol min⁻¹ (10⁵ cells)⁻¹) (Fig. 7E). In summary, 549 

under WL exposure, the respiratory oxygen uptake rate, ROS content, and antioxidant 550 

enzyme activity of D. salina cells were significantly higher than under other light 551 

conditions, whereas under BL and GL exposure, the ROS content and antioxidant 552 

enzyme activity of D. salina cells were slightly lower than those under other light 553 

conditions. This indicates that WL exposure promotes the respiratory rate of D. salina 554 

and generates a large amount of ROS, thereby exacerbating the degree of peroxidation 555 

of the plasma membrane; whereas D. salina cells exposed to BL and GL produce less 556 

ROS and clear ROS more rapidly than those exposed to other light conditions. 557 

 558 

Fig. 7 Respiratory oxygen uptake rates (A), hydrogen peroxide (H₂O₂) content (B), 559 

malondialdehyde (MDA) content (C), superoxide dismutase (SOD) activity (D), and ascorbate 560 

peroxidase (APX) activity (E) of Dunaliella salina cultured for 50 days under blue light (BL), red 561 

light (RL), green light (GL), and white light (WL) gradients. Data represent the mean ± SD of three 562 

biological replicates. Different letters (e.g., a and b) between treatment groups indicate significant 563 

differences (P < 0.05) 564 



 565 

Fig. 8 Effects of gradient illumination with blue light (BL), red light (RL), green light (GL), and 566 

white light (WL) on genes involved in respiratory oxidative phosphorylation. Schematic diagram of 567 

the respiratory electron transport chain and DEG heatmap under different light quality conditions 568 

Effects of Light Quality on Gene Expression in Dunaliella salina 569 

In this study, a total of 76,633 differentially expressed genes (DEGs) were identified. 570 

As shown in Fig. 9A, the bar charts illustrate the number of differentially expressed 571 

genes, as well as the upregulated and downregulated genes, among treatment groups 572 

under different light conditions. The bar charts indicate that there were 22,882 573 

differentially expressed genes between the BL and WL treatments, of which 15,568 574 

were upregulated and 7,314 were downregulated; there were 1,571 differentially 575 

expressed genes between the RL and WL treatments, of which 1,480 were upregulated 576 

and 91 were downregulated; and 6,942 genes were differentially expressed between the 577 

GL and WL treatments, of which 6,101 were upregulated and 841 were downregulated. 578 

The transcriptomic Venn diagram shows that a total of 29,816 genes were differentially 579 

expressed under the four light quality conditions of BL, RL, WL, and GL (Fig. 8B). In 580 



summary, the large number of differentially expressed genes indicates that light quality 581 

can significantly influence gene expression in D. salina cells. GO pathway enrichment 582 

analysis showed that DEGs were mainly enriched in the two functional categories of 583 

cellular components (CC) and molecular functions (MF) (Fig. 8C), indicating that light 584 

quality may primarily affect genes related to cellular composition and molecular 585 

functions in D. salina cells. 586 



 587 



Fig. 9 Gene expression levels in Dunaliella salina cells under blue light (BL), red light (RL), green 588 

light (GL), and white light (WL) gradient illumination. Venn diagram of differentially expressed 589 

genes (DEGs) in D. salina cells under BL, RL, WL, and GL treatments (A); Changes in differentially 590 

expressed genes (DEGs) in D. salina cells under BL, RL, WL, and GL treatments (B); Gene 591 

Ontology (GO) classification analysis of DEGs in D. salina cells under BL, RL, WL, and GL 592 

treatments (C). DEGs can be classified into three functional categories: Biological Processes (BP), 593 

Cellular Components (CC), and Molecular Functions (MF) 594 

Discussion 595 

Light quality is a key factor influencing algal cell proliferation, metabolism, and 596 

biomass accumulation. The results indicate that monochromatic light quality can 597 

modulate the expression levels of genes associated with photosynthesis and respiration 598 

in D. salina cells, thereby affecting photosynthetic and respiratory efficiency and, 599 

consequently, intracellular carbon allocation as well as biomass synthesis and 600 

accumulation. D. salina cells exhibited the highest growth rates and dry weights under 601 

BL exposure (Fig. 3). Most genes involved in photosynthetic phosphorylation, the 602 

Calvin cycle, and oxidative phosphorylation were significantly upregulated under BL 603 

(Fig. 6 and 8). This led to significant improvements in photosynthetic activity, 604 

photosynthetic capacity, carbon assimilation efficiency, and reactive oxygen species 605 

(ROS) scavenging capacity under BL (Fig. 6 and 7), thereby promoting the 606 

accumulation and synthesis of chlorophyll, carotenoids (β-carotene), and proteins 607 

within the algal cells (Fig. 4 and 5). 608 

Previous studies have shown that high-light stress leads to the accumulation of 609 

large amounts of carotenoids within D. salina cells (Ye et al. 2008). The orange 610 

coloration and rounding of D. salina cells are manifestations of substantial carotenoid 611 

accumulation within the algal cells (Kim et al. 2024). In this study, WL, RL, and BL at 612 

an intensity of 200 μmol m⁻² s⁻¹ induced D. salina cells to enter the carotenoid 613 

accumulation phase (Fig. 2). It has been reported that high-temperature stress can also 614 

trigger carotenoid accumulation in D. salina (Gómez and González 2005), and the 615 

experimental temperature of 30 ± 1 °C may have facilitated the rapid transition of D. 616 



salina cells into the carotenoid accumulation phase. However, under GL, D. salina cells 617 

did not enter the yellow-cell stage but remained in the green-cell stage (Fig. 2). This 618 

difference may be associated with the relatively low light absorption capacity of D. 619 

salina for GL at the cellular and chloroplast levels (Li et al. 2020). 620 

Under BL, the algal cell density and specific growth rate of D. salina were 621 

significantly superior to those under other light conditions. The highest specific growth 622 

rate was observed during the growth phase under medium light (ML, 100 ± 10 μmol 623 

m⁻² s⁻¹), while under high light (HL, 200 ± 20 μmol m⁻² s⁻¹) stress, algal cell density 624 

still maintained a certain degree of growth, whereas algal cells began to decrease under 625 

WL and RL (Fig. 3). This difference may be attributed to the higher respiratory 626 

efficiency observed under BL exposure (Fig. 8). Respiration provides the energy 627 

required for algal cell division and reproduction (Luo et al. 2025). Our results indicate 628 

that, in terms of light management strategies for the two-stage cultivation method, 629 

cultivating D. salina under BL conditions yields the optimal economic benefits. 630 

Studies have reported that monochromatic light plays a positive role in the 631 

synthesis of cytochromes in D. salina (Nwoba et al. 2021). In this study, the results 632 

indicate that the chlorophyll content in D. salina cells exposed to BL remained at a high 633 

level during the high-light (HL, 200 ± 20 μmol m⁻² s⁻¹) stress period, whereas the levels 634 

of carotenoids and β-carotene remained high during the medium-light (ML, 100 ± 10 635 

μmol m⁻² s⁻¹) growth phase and during the high-light (HL, 200 ± 20 μmol m⁻² s⁻¹) stress 636 

period, compared to other light qualities (Fig. 4). These findings may be associated with 637 

the more efficient absorption of light energy by D. salina cells under BL and its 638 

subsequent transfer to the PSII reaction centers, where the absorbed energy can be more 639 

effectively utilized for carbon assimilation, thereby contributing to higher pigment 640 

contents and growth rates (Fig. 6). Carotenoid production, particularly that of β-641 

carotene, is the most common strategy employed by most Dunaliella species under 642 

environmental stress (Jahnke and White 2003; Salguero et al. 2003). Since the 643 

production of β-carotene and other carotenoids is associated with oxygen consumption 644 

and ROS generation (Bennoun 2001; Xu and Harvey 2019), the increased levels of 645 

carotenoids and β-carotene under BL treatment can be interpreted as an indication of 646 



enhanced ROS scavenging and oxygen consumption capacity in D. salina. This also 647 

explains why algal cells under blue light exhibit lower H₂O₂ and MDA levels, as well 648 

as lower SOD and APX activities (Fig. 7). 649 

With regard to protein synthesis, Barro et al. (1989) reported that blue light (BL) 650 

promotes protein synthesis in terrestrial plants, such as soybeans. Studies have shown 651 

that blue light or a high proportion of blue light can promote protein synthesis in algae 652 

such as Porphyra leucosticta and Chaetoceros sp. (Korbee et al. 2005; del Pilar 653 

Sánchez-Saavedra and Voltolina 2006). This is consistent with our experimental results, 654 

which show that BL exposure increases protein content in D. salina cells (Fig. 5), a 655 

phenomenon that may be attributed to high protein turnover rates. Previous studies have 656 

reported changes in protein turnover in D. salina cells (Bahador et al. 2019; Mirshekari 657 

et al. 2019) and other higher plants (Hildebrandt et al. 2015; Huang and Jander 2017) 658 

under stress conditions. Protein turnover is a cellular phenomenon that regulates 659 

processes related to protein balance during stress, such as amino acid homeostasis, 660 

protein rearrangement, and the establishment of enzyme equilibrium (Hildebrandt 661 

2018). Regarding glycerol synthesis, there were no significant differences in glycerol 662 

content within D. salina cells under BL, RL, and WL exposures, but the levels were 663 

higher than those under GL exposure (Fig. 5). The primary carbon source for glycerol 664 

synthesis in D. salina cells is photosynthesis rather than starch degradation. GL 665 

exposure can alter the allocation of carbon sources between starch and glycerol, which 666 

explains the higher starch content under GL exposure. Regarding starch and total lipids, 667 

previous studies have reported that red light can stimulate their synthesis and 668 

accumulation (Barro et al. 1989), which may act as a feedback regulation mechanism 669 

for photosynthesis (Hogewoning et al. 2010; Paul and Foyer 2001). This is consistent 670 

with our experimental results, in which RL exposure increased the starch and total lipid 671 

contents in D. salina cells (Fig. 5). This may be attributed to the fact that, under RL 672 

exposure, D. salina cells tend to synthesize and accumulate more carbohydrates as a 673 

means of protecting internal cellular structures in order to minimize damage caused by 674 

light stress (Jensen and Knutsen 1993). 675 

Finally, a model was established to explain the differences in carbon supply and 676 



allocation in D. salina cells under different light conditions (Fig. 10). The supply and 677 

allocation of carbon fluxes under different light conditions were characterized based on 678 

the expression patterns of differentially expressed genes (DEGs) involved in relevant 679 

KEGG pathways. Photosynthesis is the primary source of carbon for D. salina cells 680 

under different light conditions (Kim et al. 2024), Most DEGs in the photosynthesis 681 

pathway (KO00195: Photosynthesis) were upregulated under BL exposure compared 682 

to other light conditions. Under BL exposure, the photosynthetic electron transport 683 

efficiency, carbon assimilation efficiency, and photosynthetic rate of D. salina were 684 

significantly enhanced (Fig. 6), indicating that D. salina exposed to BL can assimilate 685 

more carbon and incorporate it into the carbon pool compared to other light conditions. 686 

Different light conditions have varying effects on carbon allocation and utilization in 687 

D. salina cells. Under BL and GL exposure, most DEGs related to cell division 688 

(GO0051301: Cell division) were upregulated compared to other light conditions. BL 689 

exposure promotes cell proliferation and growth rate in D. salina (Fig. 3), indicating 690 

that D. salina exposed to BL allocates more carbon flux to cell division than under other 691 

light conditions. Under BL and GL exposure, most DEGs in the chlorophyll synthesis 692 

pathway (KO00900: Terpenoid backbone biosynthesis) were upregulated compared to 693 

other light conditions. BL and GL exposure further promoted chlorophyll synthesis and 694 

accumulation in D. salina cells (Fig. 4A), indicating that D. salina cells under BL and 695 

GL exposure allocated more carbon flux to chlorophyll synthesis than under other light 696 

conditions. Under BL exposure, most differentially expressed genes (DEGs) involved 697 

in the protein export pathway (KO03060) in D. salina cells were upregulated compared 698 

with other light conditions, which indicates that BL may facilitate protein targeting and 699 

transmembrane transport. Combined with the higher protein content observed under BL 700 

exposure, these findings indicate that BL favors protein accumulation in D. salina cells 701 

(Fig. 5). This indicates that D. salina exposed to BL allocate more carbon flux to protein 702 

synthesis than those exposed to other light conditions. Under RL exposure, most DEGs 703 

in the starch metabolism pathway (KO00500: Starch and sucrose metabolism) of 704 

D. salina cells were upregulated compared to other light conditions, indicating that RL 705 

exposure promotes starch synthesis and accumulation in D. salina cells (Fig. 5). This 706 



suggests that D. salina cells exposed to RL allocate more carbon flux to starch synthesis 707 

than those exposed to other light conditions. Most DEGs in the glycerolipid metabolism 708 

pathway (KO00561) of D. salina cells exposed to RL and WL were upregulated 709 

compared to other light conditions. D. salina cells exposed to RL and WL were able to 710 

synthesize and accumulate more glycerol than those exposed to GL (Fig. 5), indicating 711 

that D. salina cells exposed to RL and WL allocate more carbon flux to glycerol 712 

synthesis than those exposed to other light conditions. Most DEGs in the total lipid 713 

synthesis pathway (KO00061: Fatty acid biosynthesis) of D. salina cells exposed to RL 714 

were upregulated compared to other light conditions. RL exposure promotes the 715 

synthesis and accumulation of fatty acids (total lipids) in D. salina cells (Fig. 5), 716 

indicating that D. salina cells exposed to RL allocate more carbon flux to fatty acid 717 

(total lipid) synthesis than those exposed to other light conditions. Finally, the 718 

mechanisms underlying differences in carbon supply, allocation, and utilization in 719 

D. salina cells exposed to different light conditions were elucidated based on 720 

differential gene expression and physiological and biochemical metabolism (Fig. 10).721 

 722 

Fig.10 Schematic illustration of differences in carbon allocation in Dunaliella salina cells under 723 



blue light (BL), red light (RL), green light (GL), and white light (WL) gradients. Under different 724 

light conditions, the primary carbon source for D. salina cells comes from photosynthesis (KO00195: 725 

Photosynthesis). The carbon pool formed through photosynthetic pathways is allocated to D. salina 726 

for cell division (GO0051301: Cell division), pigment synthesis (KO00900: Terpenoid backbone 727 

biosynthesis), protein export (KO03060: Protein export), starch metabolism (KO00500: Starch and 728 

sucrose metabolism), glycerol metabolism (KO00561: Glycerolipid metabolism), and total lipid 729 

synthesis (KO00061: Fatty acid biosynthesis). Black arrows represent the transfer of light energy 730 

from the chloroplasts of D. salina cells to the carbon pool via photosynthesis, while red arrows 731 

indicate the direction of carbon flux distribution 732 

Conclusion 733 

Exposure to blue light (BL) is more conducive to the proliferation and division of 734 

D. salina cells, as well as the synthesis of pigments (chlorophyll and carotenoids) and 735 

proteins, compared to exposure to other light qualities. This is primarily attributed to 736 

the fact that, under BL exposure, D. salina cells exhibit higher photosynthetic electron 737 

transport efficiency, carbon assimilation efficiency, photosynthetic activity, respiratory 738 

electron transport efficiency, and reactive oxygen species scavenging rates. Starch 739 

accumulation was the highest in D. salina cells exposed to red light (RL), whereas total 740 

lipid accumulation was greater under white light (WL) and RL exposure. These 741 

differences may be associated with light-quality-dependent variations in oxidative 742 

stress and carbon metabolic allocation, suggesting that the accumulation of starch and 743 

lipids may represent an adaptive physiological response of D. salina cells to changes in 744 

light quality and oxidative stress. 745 

Light quality can regulate the upstream supply and downstream distribution of 746 

carbon flux within D. salina cells, thereby controlling algal growth, reproduction, and 747 

the accumulation and synthesis of biomass. First, light quality regulates photosynthetic 748 

electron transport efficiency, carbon assimilation efficiency, and photosynthetic rate by 749 

influencing gene expression levels in photosynthetic pathways such as the 750 

photosynthetic electron transport chain and the Calvin cycle, thereby controlling the 751 

supply of carbon flux. This represents the regulatory role of light quality on the 752 



upstream supply of carbon flux in D. salina. Subsequently, light quality regulates the 753 

allocation of carbon flux by influencing gene expression levels in biomass synthesis 754 

pathways (such as terpenoid biosynthesis, protein processing in the endoplasmic 755 

reticulum, starch and sucrose metabolism, glycerol ester metabolism, and fatty acid 756 

biosynthesis), thereby controlling algal cell growth, reproduction, and biomass 757 

synthesis.  758 
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