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Abstract: Microalgae are versatile platforms for producing biofuels and high-value metabolites, such as lipids, 

proteins, and carotenoids. Numerous stress strategies have been adopted to improve microalgal cultivation and 

biomolecule yield. This review examines how conventional stress factors (light and salinity) and unconventional 

treatments (electric field treatment) influence microalgal growth and metabolite accumulation. Light intensity, 

spectrum, and photoperiod significantly affect photosynthesis, biomass yield, and carotenoid biosynthesis, with 

moderate intensities found to enhance efficiency. However, excessive levels may induce photoinhibition. Salinity 

stress induces activation of antioxidant systems and lipid accumulation, optimizes biofuel properties. However, 

excessive high salinity can impair the growth of microalgae. In this review, we focused on the electric field 

treatment as a potential strategy for enhancing microalgal productivity, representing a major novelty of the study. 

Unlike traditional stress factors that primarily induce adaptive metabolic shifts, electric field treatment offers a 

unique and an understudied approach for modulating cellular physiology. Electric treatment technology offers an 

energy-efficient method for stimulating cell differentiation and enhancing lipid and pigment production while 

reducing environmental effects. Integrating these stress factors may be an attractive approach for controlling over 

microalgal metabolism, supporting sustainable and scalable biorefinery applications. 

Keywords: light modulation; salinity stress; pulsed electric field; sustainable biofuel; stress-induced pathways; 

metabolic engineering 

 

1. Introduction 

Microalgae are crucial to the Earth’s ecosystem, not only serving as oxygen producers, but also major carbon 

cycling regulators, contributing global climate regulation [1]. As primary producers, microalgae form the 

foundation of marine and freshwater food chains, providing organic matter essential for other aquatic organisms. 

Their ability to fix carbon dioxide makes them a potential tool for mitigating climate change. As the global demand 

for carbon reduction and carbon capture technologies grows, the unique characteristics of microalgae are 

increasingly studied in environmental science and sustainable development fields. 

With the advancement of microalgae biotechnology and the development of large-scale production 

techniques, the applications of microalgae in energy, environmental protection, pharmaceuticals, and cosmetics 

continue to grow, making significant contributions to the sustainable development of green economy [2,3]. 

Compared to traditional crops, microalgae do not require large amounts of land and freshwater, and can be 

cultivated in closed or non-traditional environments. This makes them ideal sources of sustainable energy. 

Microalgae can produce valuable biomass such as lipids, proteins, and carbohydrates, which can be used to produce 

biofuels like biodiesel and bioethanol [4,5]. Furthermore, the bio-oil produced by microalgae is a major ingredient 

to the future development of renewable energy, capable of meeting energy demands without relying on traditional 

agricultural land. This efficient biofuel production method makes microalgae an important alterative approach for 

addressing the global energy shortage [6]. 

https://creativecommons.org/licenses/by/4.0/
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However, the growth of microalgae in extreme environments, particularly under conditions of high salinity, 

nutrient deficiencies, temperature fluctuations, and pH changes, is limited [7]. These factors can affect their growth 

and biomass production. Nevertheless, microalgae possess strong adaptive capabilities, enabling them to survive 

and continue growing under adverse conditions. Microalgae accumulate various energy reserves, such as lipids 

and starch, which help them maintain their growth under unfavorable environments. In nutrient-deficient or high-

salinity environments, microalgae adapt to changes in external conditions by regulating their internal osmotic 

pressure, and they can convert some of their photosynthetic products into higher-energy substances, such as stored 

lipids. This is crucial for microalgae growth and biofuel production. Based on these adaptive abilities, microalgae 

have broad potential applications in environmental protection.  

Although extensive research has been conducted on conventional stress factors such as light intensity and 

salinity, the impact of unconventional stressors like electric field treatment on microalgae metabolism has not been 

sufficiently investigated. This review provides a comprehensive analysis of conventional and unconventional 

stress conditions, emphasizing their influence on microalgae growth, biomass composition, and metabolite 

accumulation. 

2. Effect of Light Stress on Microalgal Growth and Metabolites Accumulation 

Light is a fundamental driver of microalgal growth and metabolism, influencing photosynthesis, pigment 

composition, biomass yield, and the accumulation of high-value compounds such as carotenoids and lipids. 

Numerous studies have demonstrated the significance of fine-tuning light intensity, quality (spectrum), and 

photoperiod in optimizing the growth and biochemical composition in diverse microalgal species, as shown in 

Figure 1 [8]. Therefore, understanding how different light regimes affect microalgal physiology is critical for 

improving commercial cultivation strategies, such as biofuels, nutraceuticals, cosmetics, or other valuable 

bioproducts. 

 

Figure 1. Light factors affecting microalgal growth and metabolite accumulation. 

2.1. Influence of Light Stress on Microalgal Growth and Pigment Composition 

Microalgae are phototrophic organisms that depend on photosynthetically active radiation (PAR, 400–700 

nm) to drive photosynthesis. PAR can be expressed in terms of photosynthetic photon flux density (PPFD, µmol 

m−2 s−1), which represents the number of photons available for photosynthesis, or as photosynthetic radiant flux 

density (PAR irradiance, W m−2), which can be more useful when considering energy balances [9,10]. The amount 

of PAR that reaches the microalgal cells is influenced by multiple factors: the type of light source, the configuration 

and material of the cultivation vessel, the position of the cultures relative to the light source, and the optical 

properties of both the growth environment and the cells themselves. In dense cultures, mutual shading reduces the 

effective amount of light that reaches each cell, influencing pigment accumulation and overall productivity [11]. 
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In photosynthetic organisms like green algae, light-harvesting complexes (LHCs) contain antenna pigments 

including chlorophyll a, chlorophyll b, and carotenoids. These pigments funnel absorbed light energy to the 

reaction centers of photosystems I and II, ensuring efficient utilization of available photons. Carotenoids, such as 

lutein and β-carotene, play critical roles in both light capture (particularly absorption in the blue light region) and 

photoprotection. They shield the photosynthetic apparatus from oxidative damage induced by high-intensity light, 

mitigating the formation of reactive oxygen species (ROS) [12,13].  

2.2. Photoprotective Mechanisms against Light Stress in Microalgae 

The xanthophyll cycle is a critical photoprotective mechanism that modulates carotenoid composition in 

response to changing light conditions. Under high light intensity condition, violaxanthin can be de-epoxidized to 

zeaxanthin, which helps dissipate excess energy as heat, reducing photodamage. Enzyme regulation within the 

cycle (e.g., violaxanthin de-epoxidase (VDE) and zeaxanthin epoxidase (ZEP)) is tightly controlled by light 

conditions [14,15]. 

In diatoms like Phaeodactylum tricornutum, multiple isoforms of ZEP and VDE are involved. High light 

intensity (700 µmol photons m−2 s−1) early in the growth phase can upregulate VDE, VDL1, and ZEP3 while 

downregulating ZEP1, leading to the activation of both the diadinoxanthin and violaxanthin cycles and reducing 

fucoxanthin accumulation—a photoprotective adaptation to intense irradiance [15]. 

The regulatory effects of light intensity on carotenoid enzymes have been studied extensively in several 

model microalgal species. In Haematococcus pluvialis, high light intensity (150 µmol photons m−2 s−1) induces 

the expression of ipiHp2, which encodes isopentenyl diphosphate isomerase (IDI)—an enzyme that shifts 

metabolism toward enhanced carotenoid accumulation [16]. Similarly, enzymes like phytoene synthase and 

phytoene desaturase are upregulated with a maximum increase of 4 to 5 times under high light intensity (200 µmol 

photons m−2 s−1) in Chlamydomonas reinhardtii, leading to increased carotenoid content up to 1.3- to 1.5-fold [17]. 

In Chromochloris zofingiensis, elevated light intensity (400 µmol photons m−2 s−1) upregulates lycopene beta 

cyclase (LCYB) while downregulating lycopene epsilon cyclase (LCYE), shifting carotenoid synthesis toward β-

carotene at the expense of lutein. 

This reprogramming under high light intensity is a photoprotective response aimed at mitigating oxidative 

stress. By enhancing carotenoid production, cells protect their photosystems against ROS. However, the trade-off 

is that very high light intensities may reduce overall growth [18]. Thus, commercial cultivation strategies must 

balance the desire for higher carotenoid yields while maintaining sufficient biomass production. Optimal 

conditions often involve moderately high but non-inhibitory light intensities. 

In Chromochloris zofingiensis, increased β-carotene and astaxanthin production under high light intensity 

(400 µmol photons m−2 s−1) is accompanied by alterations in xanthophyll cycle components. β-carotene 

hydroxylase (BCH) and β-carotene ketolase (BKT) enzymes are upregulated, promoting astaxanthin synthesis. 

However, the limited zeaxanthin availability caused by increased BKT activity modifies the violaxanthin cycle, 

upregulating VDE and downregulating ZEP and violaxanthin de-epoxidase–like (VDL), which promotes 

zeaxanthin conversion into astaxanthin and decreasing violaxanthin and neoxanthin levels [19]. 

Although not the primary focus here, light interacts with other environmental variables, such as nutrient 

availability (especially nitrogen), carbon sources, and mixing regimes. Some studies have reported that under 

mixotrophic conditions—where microalgae can utilize both inorganic (light-driven) and organic carbon sources—

moderate increases in light intensity can improve CO2 fixation. Simultaneously, the TCA cycle might be inhibited 

to optimize carbon metabolism, ensuring that photosynthesis and heterotrophy complement each other. Such 

synergy results in a high organic carbon utilization capacity and improved pollutant removal in wastewater 

treatments. Appropriate light intensities enhance the contribution of photosynthesis to growth and pollutant 

removal in these systems, underscoring the need for adoption of tailored lighting regimes in environmental 

biotechnology applications. 

2.3.  Effect of Light Intensity 

Light intensity is a central parameter affecting microalgal growth, photosynthetic capacity, and the regulation 

of enzymes involved in carotenoid biosynthesis. Moderate increases in light intensity generally enhance 

photosynthetic efficiency and promote higher growth rates until a species-specific saturation point is reached [20]. 

Beyond this saturation point, further increases in light intensity can lead to photoinhibition, reducing 

photosynthetic efficiency, and ultimately lowering biomass yields [18]. Tables 1 and 2 displayed the effect of light 

quality and photoperiod on lipid and pigment accumulation by microalgae. 
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Table 1. Effect of light quality and photoperiod on lipid accumulation in microalgae. 

Algal Species Light Color 
Light 

Intensity 

Light 

Duration 

(Light:Dark) 

Biomass 

Concentration (g/L) 

Lipid 

Production 
References 

Amphiprora sp. white 24 μmol/m2/s 16:8 0.26 135.60 mg/L [21] 

Chlorella pyrenoidosa white 4000 lux 19:5 0.61 170.00 mg/L [22] 

Chlorella sorokiniana C16 white 10,000 lux 24:0 5.20 27.0 wt% [23] 

Chlorella sorokiniana CY-1 white 8000 lux 24:0 2.12 11.21 wt% [24] 

Chlorella vulgaris red - 12:12 3.53 25.50 wt% [25] 

Chlorella vulgaris - - - 3.46 55.2 wt% [26] 

Table 2. Effect of light quality and photoperiod on pigment accumulation in microalgae. 

Pigment Algal Species Light Color 

Light 

Intensity 

(μmol/m2/s) 

Light/Dark 

Period 

Biomass 

Concentration (g/L) 

Pigment 

Production 
References 

Astaxanthin 
Aurantiochytrium sp. 

CJ6 
White 250 

Continuous 

(4 days) 
9.01 78.3 μg/g [27] 

 
Chromochloris 

zofingiensis 
Blue — — 204.5 0.28 g/L [28] 

 
Haematococcus 

pluvialis 
White 480 Continuous 0.43 26.77 mg/L/d [29] 

 Haematococcus sp. 

Red (5 days) 

followed by 

Blue (5 days) 

40 Continuous 1.33 3.39 mg/L [30] 

 
Oedocladium 

carolinianum 
Red — Continuous 0.29 2.89 mg/L/d [31] 

Fucoxanthin 
Chaetoceros 

calcitrans 
Blue 110 12:12 — 3.2 mg/L/d [32] 

 Isochrysis sp. — 200 12:12 — 6.11 mg/g [33] 

 Odontella aurita 

Red/blue 

light (8:2 

ratio) 

300 Continuous 0.57 9.41 mg/L/d [34] 

 Pavlova sp. White 75 Continuous 1.1 7.02 mg/L/d [35] 

 
Phaeodactylum 

tricornutum 
White 8.0 Continuous 6.0 26 mg/g [36] 

Lutein 
Chlorella 

sorokiniana C16 
White 10k lux Continuous 5.2 17.4 mg/g [23] 

 C. sorokiniana F31 — 211 Continuous — 15.55 mg/g [37] 

 
C. sorokiniana 

FACHB-275 
White 2200 Lux Continuous 1.14 8.45 mg/g [38] 

 
C. sorokiniana MB-

1-M12 
White 150 Continuous 

3.54 (Auto), 2.77 

(Mixo) 

6.16 mg/g, 

4.10 mg/L/d 

(Auto); 6.48 

mg/g, 4.50 

mg/L/d 

(Mixo) 

[39] 

 Chlorella sp. HS5 Dark 
Dark 

conditions 
Continuous — 3.7 mg/g [40] 

 
Chlorophyta MCH-

35 
Blue 80 Continuous — 3 mg/g [41] 

 
Coccomyxa 

subellipsoidea 
White 240 Continuous 9.40 1.65 mg/g [42] 

 
Scenedesmus sp. 

FSP3 
White 

1st stage—

90, 2nd 

stage—160 

Continuous 1.97 
6.34 mg/g, 

2.30 mg/L/d 
[43] 

Bialevich et al. showed that microalgae can increase their growth rates with rising light intensity until 

saturation. Desmodesmus quadricauda and Parachlorella kessleri reached saturation at around 250 µmol photons 

m−2 s−1, while Chlamydomonas reinhardtii tolerated up to 500 µmol photons m−2 s−1 [44]. Similarly, Difusa et al. 

and others found that, although elevated light intensity can enhance lipid content in certain strains (e.g., 

Scenedesmus sp.), it may lower growth rates, suggesting the important of balancing between rapid biomass 

accumulation and formation of storage compounds like lipids [45]. 

Gim et al. explored the effects of light intensity (0–200 µmol photons m−2 s−1) on three microalgae species—

Isochrysis galbana, Nannochloropsis oculata, and Dunaliella salina. At 150 µmol photons m−2 s−1, they observed 

peak fatty acid concentrations [46]. Specifically, Isochrysis galbana produced a biomass of 0.89 g/L with a lipid 
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content of 30.1% (dry weight), Nannochloropsis oculata achieved a biomass of 1.69 g/L with a lipid content of 

38.5%, and Dunaliella salina reached a biomass of 1.17 g/L with a lipid content of 32.4%. They also found that 

excessive light induced oxidative damage, while low light limited photosynthetic efficiency. Moderate light 

intensities (80–150 µmol photons m−2 s−1) offered the best condition for lipid accumulation, providing a balanced 

growth environment. 

Cheirsilp & Torpee studied marine Chlorella sp. and Nannochloropsis sp. under mixotrophic conditions and 

varying light intensities (ranging from 2000 to 10,000 lux, approximately 30–150 µmol photons m−2 s−1 depending 

on conversion) [47]. Notably, the biomass production increased as the light intensity was elevated up to a certain 

point but diminished lipid accumulation. For Chlorella sp., the maximum biomass was achieved at 8000 lux, with 

a dry weight of 3.97 g/L, while its lipid content reached 397.8 mg/L under the same conditions. In contrast, 

Nannochloropsis sp. continued to grow until 10,000 lux, reaching a peak biomass of 5.87 g/L and a lipid yield of 

481.0 mg/L. However, at higher light intensities, lipid accumulation in both species decreased, suggesting a trade-

off between growth and lipid production. 

Under low light, photosynthetic efficiency and growth rates are generally reduced, limiting the large-scale 

cultivation. However, phytohormones like melatonin (MT) and indole-3-propionic acid (IPA) can redirect carbon 

flux toward carbohydrates and proteins, enhancing yields even under suboptimal light (as described in the CAMC 

systems discussion). Although the details are not well understood, this suggests that biochemical interventions or 

combined strategies may compensate for low-light conditions [48]. 

2.4.  Effect of Light Quality 

Besides intensity, light quality (spectral composition) also significantly affects microalgal photosynthesis and 

metabolism. Light-emitting diode (LED) technology has advanced rapidly, offering precise control over the 

wavelength distribution. Different spectral regions (e.g., blue: 450–475 nm; red: 630–660 nm) influence 

photosynthetic pigments and can shift metabolic pathways [49]. 

Kim et al. demonstrated that combining blue and red LED lights increased the production rate of Scenedesmus 

sp. by ~50% compared to a single-wavelength treatment [20]. The improved photosynthetic efficiency under 

mixed blue-red illumination was due to the complementarity of absorption peaks of chlorophylls and carotenoids. 

Blue light is absorbed efficiently by carotenoids and can enhance carotenoid synthesis, while red light tends to 

stimulate growth and enhance photosynthetic reaction center efficiency. 

Similarly, You & Barnett observed that blending blue and red light enhanced the growth rate of Porphyridium 

cruentum by enhancing photosynthetic activity and reached its maximum cell density of 4 × 109 cells L−1 [50]. 

Studies on C. vulgaris have also indicated that red light alone or combined with other wavelengths can boost 

biomass accumulation with biomass increased from 2.07 to 2.64 g/mL [51].  

2.5.  Effect of Photoperiod and Temporal Light Modulation 

The duration of the light period and the ratio of light-to-dark cycles (photoperiod) influence cellular 

metabolism, growth cycles, and resource allocation. Maltsev et al. found that a 16:8 h light/dark cycle efficiently 

balanced biomass production, increasing it by 22%, and ellicited a 19% increase in total fatty acid (TFA) content 

[8]. Light/dark cycles allow microalgae to repair photosynthetic machinery and balance their energy and carbon 

budgets. On the other hand, Vélez-Landa et al. demonstrated that a balanced light/dark cycle (12:12) achieved the 

highest biomass density of 6.3 × 106 cells/mL and lipid content of 50.42% in Verrucodesmus verrucosus [52]. The 

study found that continuous light (24:0) led to diminished lipid yields, while shorter dark periods (16:8) resulted 

in lower growth and lipid accumulation. Therefore, these indicated that some species grow better under continuous 

light. In contrast, others benefit from dark periods that support respiration, intracellular reorganization, and 

nighttime metabolic pathways such as carbohydrate catabolism or lipid remodeling.  

Flashing light regimes or combined continuous-plus-flashing conditions have proven beneficial in some cases 

[51]. These light strategies can improve photon utilization efficiency by providing saturating light pulses 

interspersed with “recovery” intervals. The result can be more efficient use of photons and enhanced growth 

compared to continuous, non-modulated illumination.  

Abu-Ghosh et al. investigated the combination of flashing light with continuous background light in 

Dunaliella salina [51]. The combined light regime significantly enhanced photosynthetic efficiency and growth 

beyond continuous or flashing light alone. At an intermediate light intensity of 250 µmol photons m−2 s−1, the 

combined regime resulted in an optical density (OD) of 1.4, compared to 0.9 for continuous light and 1.1 for 

flashing light. Similarly, the dry biomass reached 2.52 g/L under the combined regime, surpassing the 1.87 g/L 

and 2.01 g/L observed under continuous and flashing light, respectively. Photosynthetic activity, measured as 
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oxygen production rates, was also significantly higher at 148.9 µmol O2 (mmol Chl)−1 s−1, compared to 31.6 and 

47.3 under continuous and flashing light alone.  

Under optimal conditions, irradiating C. vulgaris with red light and combining this approach with indole-3-

acetic acid (IAA) treatment can further enhance biomass production. Studies showed that red light stimulated 

photosynthetic capacity, respiration, and quantum yield, leading to higher biomass levels (3.19 g L−1) compared 

to white light conditions (2.78 g L−1) [25]. Combining IAA and red light increased biomass production to 3.53 g 

L−1, translating to a 27% increase in productivity. 

2.6.  Commercial and Biotechnological Implications 

Optimizing light conditions, intensity, spectrum, and photoperiod, may improve the large-scale cultivation 

of microalgae at industrial scales. Target compounds, such as lipids for biofuels or high-value pigments like 

astaxanthin and β-carotene, reach maximum accumulation under stress conditions associated with altered light 

regimes. For instance, high light stress can trigger carotenoid accumulation as a photoprotective mechanism, 

providing a valuable product. However, this often comes at the cost of slower growth rates or photoinhibition, 

which can reduce total volumetric yields [47]. 

To overcome the above limitations, dynamic lighting strategies and engineering approaches have been 

proposed. Photobioreactors can be designed to distribute light uniformly and minimize self-shading, or they can 

use artificial illumination (LEDs) to deliver customized light wavelengths and intensities at different growth stages. 

Pulsing or flashing lights and meticulously selected photoperiods can further enhance efficiency [46]. 

An accurate assessment of the available light for microalgae is often challenging. The quantity of PAR 

available to cells depends on the arrangement and properties of the cultivation system, whether it be 

photobioreactors, flasks, or open ponds. Mutual shading by cells in dense cultures, light scattering by flask walls, 

and reflection from surfaces are major factors limiting the measurement. In practice, PPFD is frequently measured 

outside the culture vessel as a proxy, but this can lead to discrepancies between measured and actual photon 

availability to the cells [9,10]. Such measurement challenges underscore the need for careful system design and 

calibration. In particularly, for large-scale applications, ensuring uniform light distribution and avoiding excessive 

shading are paramount for maximizing productivity. 

Commercial microalgal production aims to maximize valuable compounds, such as carotenoids, lipids, and 

other bioproducts, while maintaining their growth rates. High light intensities and specific spectral qualities can 

increase carotenoid accumulation, but might simultaneously lower biomass yield due to photoinhibition. 

Achieving an optimal compromise is critical. Conditions that yield the highest pigment concentrations may not 

support rapid cell growth, reducing overall productivity on a volumetric basis [18]. 

One strategy is to modulate light intensities throughout cultivation. Early growth phases might benefit from 

moderate light to support robust biomass production, while later stages could involve a shift to higher light 

intensities or different wavelengths to boost carotenoid or lipid synthesis. Such dynamic lighting strategies 

leverage the physiological plasticity of microalgae [47]. 

Beyond physical and environmental controls, biochemical strategies can complement light optimization, such 

as adding phytohormones or manipulating nutrient levels. When tuned appropriately, red and blue light 

combinations can substantially boost biomass and target compound accumulation. Similarly, altering the nitrogen 

supply (reducing it at a certain growth phase) while providing optimal light intensities and qualities can force cells 

into a desired metabolic state, potentially increasing lipid or carotenoid yield without excessively compromising 

growth. 

As the microalgae industry continues to develop, optimizing light conditions will enhance the degree of 

biomass production and accumulation of high-value compounds. Future research should aim to develop 

approaches for enhancing light regulation, adjusting light intensity, spectrum combinations, and photoperiods to 

achieve precise control of microalgal metabolic pathways. For example, moderate light intensities can be used in 

the early growth phase to promote biomass production, while higher light intensities or spectral shifts in later 

stages can induce carotenoid or lipid accumulation. Additionally, advancements in LED technology can generate 

new approaches of spectral control. The combination of blue and red light has been proven to enhance 

photosynthetic efficiency and product yield, and further refinement of spectral combinations could maximize 

productivity and energy efficiency. 

Furthermore, the interaction between light and other environmental factors, such as nutrient availability and 

mixing conditions, need to be further investigated to optimize cultivation strategies for various applications. In 

wastewater treatment, for instance, tailored light conditions can improve microalgal carbon fixation and pollutant 

removal efficiency. Moreover, integrating biotechnological approaches, such as exogenous phytohormone 
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regulation or genetic modifications, may be effective in enhancing microalgal adaptability to light conditions and 

boost the production of target compounds. By combining these strategies, the commercialization of microalgae 

industry will be significantly improved and expanded to include diverse fields such as biofuels, nutritional 

supplements, and environmental remediation. 

3. Effect of Salt Stress on Microalgal Growth and Metabolite Accumulation 

3.1. Effect of Salinity on Biomass Production and Protein Accumulation 

Literatures showed that moderate NaCl concentrations support photosynthesis, CO2 fixation, and osmotic 

balance [53]. For examples, NaCl concentrations of 5–25 mM promoted growth of Quadrigula closterioides, with 

the highest lipid content of 50.94% dry weight recorded at 5 mM NaCl. However, as salinity exceeds 25 mM, 

growth and biomass production are inhibited, accompanied by morphological changes such as a shift from normal 

cell shape to spherical and even brown coloration, indicating an adaptive response to salt stress [54]. Similarly, 

moderate salinity levels (+100% to +400% NaCl) also enhance microalgal growth and biomass accumulation of 

Scenedesmus obliquus, with the highest biomass productivity of 0.206 g/L/d observed at +400% NaCl [55]. 

However, further increases in salinity to +600% and +800% NaCl resulted in significant biomass reductions of 

32.2% and 50.3%, respectively, due to ROS accumulation and photosynthesis inhibition. Figure 2 depicts the effect 

of salt stress on microalgal growth and metabolite accumulation. 

 

Figure 2. Effect of salt stress on microalgal growth and metabolite accumulation. 

There are limited studies of salinity effect on protein accumulation. The Vischeria punctata strain IPPAS H-

242 exhibited higher protein content of 259 mg/g DW under salt stress of 0.4 mM NaCl, which could be due to 

the need for cells to synthesize more proteins to cope with environmental stress [56]. The increased protein content 

may help maintain cellular functions and survival, particularly in response to oxidative stress and changes in 

osmotic pressure caused by salinity. Despite the overall increase in protein content, the level of D1 protein, which 

is associated with photosynthesis, significantly decreased under salt stress, suggesting that salt stress may impact 

the effectiveness of photosynthesis. The increase in total protein content under salt stress may be an adaptive 

mechanism for cells to withstand environmental pressures, but it also negatively affects certain key photosynthetic 

proteins. These changes are significant for understanding the physiological responses of microalgae under stress 

and their potential biotechnological applications. 

3.2. Effect of Salinity on Lipid Accumulation 

NaCl concentrations can significantly influence microalgal lipid content and quality, fatty acid composition, 

and eventually the fuel performance of biodiesel. Salinity stress can induce the generation of ROS, activates 

antioxidant enzyme systems (e.g., superoxide dismutase (SOD) and catalase (CAT), and upregulates lipid 

synthesis-related gene expression, promoting triacylglycerol (TAG) accumulation and redirecting metabolic 

carbon flow from starch to lipid synthesis [57]. Additionally, optimal salinity stress was reported to increase the 
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production of fatty acid methyl ester (FAME) by up to 1.8 times and optimized its composition by increasing the 

proportions of saturated and monounsaturated fatty acids (e.g., C16:0 and C18:1), significantly improving 

biodiesel stability and combustion performance. However, excessive salinity can inhibit growth, although it may 

still induce lipid synthesis through oxidative stress. Therefore, salt stress serves as an effective induction strategy 

with broad applications in the production of microalgal biofuels and high-value products. Table 3 displayed the 

effect of salt stress on lipid accumulation by microalgae. 

Table 3. Effect of salt stress on lipid accumulation in microalgae. 

Algal Species Conditions Lipid Accumulation References 

Aurantiochytrium sp.  Natural seawater 62.4% [58] 

Botryococcus sp. NJD-1 10 g/L NaCl 54.5% [59] 

Chlamydomonas sp. 3% & 7% sea salt concentration 31.7–37.2% [56] 

Parachlorella kessleri IC-11 30 g/L NaCl 
33.3% and 31.0% in Bold’s Basal 

Medium and wastewater 
[60] 

Quadrigula closterioides 5 mM NaCl 50.94% [54] 

Scenedesmus quadricauda 

FACHB-1297 

0.88 & 2.63 g/L salt and xylose 

concentration 
39.33% [57] 

Scenedesmus sp. 100 mM NaCl & 10 mM H2O2 Increased by 226.4 µg/mg [61] 

Thraustochytrium sp. BM2 20 g/L NaCl 79% [62,63] 

Studies have shown that microalgae exhibit significant metabolic responses and lipid accumulation 

mechanisms under different salinity stress conditions, demonstrating the significance of salinity as a critical factor 

influencing lipid production. Most studies agreed that moderate salt concentrations significantly enhance lipid 

content, with some microalgae achieving lipid content exceeding 50%, such as Botryococcus sp. NJD-1 (10 g/L 

NaCl, lipid content and productivity of 54.5% and 110.5 mg/L/d) [59] and Quadrigula closterioides (5 mM NaCl, 

lipid content of 50.94%) [54]. Liu et al. also reported that under moderate salinity levels (0.88–2.63 g/L), 

Scenedesmus quadricauda FACHB-1297 effectively adapts to salt stress, achieving high biomass and lipid 

accumulation, with the highest lipid content of 39.33% observed at the optimal salinity of 2.63 g/L [57].  

Under moderate salinity level, salt stress-induced ROS triggered antioxidant defenses and increased 

nicotinamide adenine nucleotide phosphate (NADPH) production through the pentose phosphate pathway and 

pyruvate-malate cycle, supporting fatty acid synthesis [59]. The generation of ROS activates antioxidant enzyme 

activity and upregulates lipid synthesis-related genes (e.g., glycerol-3-phosphate acyltransferase (GPAT) and 

diacylglycerol acyltransferase (DGAT)), promoting neutral lipids accumulation (particularly TAG) and redirecting 

metabolic flux from carbohydrates to storage lipids [57]. Neutral lipids are synthesized primarily via the acetyl-

CoA-dependent Kennedy pathway as a byproduct of ROS detoxification [59]. Excessive salinity, however, results 

in ROS overaccumulation, inducing cellular damage and inhibiting the growth of microalgae and lipid 

accumulation [54]. 

However, Sorokina and colleagues revealed that high salt concentration (30 g/L) significantly enhanced 

neutral lipid accumulation of Parachlorella kessleri IC-11 cultivated in Bold’s Basal Medium (BBM) and 

municipal wastewater (WW), with lipid content reaching 33.3% and 31.0% in BBM and WW, respectively [60]. 

Salt stress induced a reprogramming of carbon flux and energy storage, reducing adenosine metabolism in BBM 

and significantly affecting proline metabolism and the citric acid cycle in WW. It also increased the proportion of 

saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA) in lipid composition, improving biodiesel 

quality. Nevertheless, high salt levels still causing some negative impact, where the chemical oxygen demand 

(COD) removal efficiency in WW was reduced, indicating that decreased biomass under salt stress limited 

wastewater treatment efficiency.  

The combined application of gamma-aminobutyric acid (GABA) and salinity has been found to enhance lipid 

accumulation and biomass productivity in the green microalga Ankistrodesmus sp. EHY [64]. Under 2.5 g/L NaCl 

with 50 μM GABA, lipid content reached 59.42%, and lipid productivity increased to 235.13 mg/L·d, representing 

1.36-fold and 1.27-fold increases compared to salinity alone and the control, respectively. Transcriptomic and 

metabolomic analyses revealed that the combination of GABA and moderate salinity also increased the levels of 

intermediates in the tricarboxylic acid (TCA) cycle and the GABA shunt, which served as carbon sources and 

energy for lipid accumulation. Furthermore, the combined treatment improved the fatty acid composition of 

biodiesel by increasing saturated and monounsaturated fatty acid content, enhancing fuel quality. In 5-L fermenter-

scale experiments, the combined strategy significantly improved lipid content and productivity, demonstrating its 

potential for large-scale microalgal biofuel production. 
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Under single-stage cultivation conditions, the combined supplementation of glucose and salt significantly 

enhanced the biomass and lipid production efficiency of Graesiella emersonii NC-M1 [65]. Incorporation of 1.75 

g/L glucose and 0.3 M NaCl, biomass concentration, lipid concentration, and lipid productivity increased by 3.3-

fold, 4.63-fold, and 4.56-fold, respectively, compared to the control. Glucose promoted glycolysis and the pentose 

phosphate pathway, supporting rapid microalgal growth, while salt stress redirected carbon flux from starch 

synthesis to lipid synthesis, significantly increasing neutral lipid (particularly TAG) accumulation. Transcriptomic 

analysis revealed significant upregulation of genes related to cell proliferation, photosynthesis, and NADPH 

production, while starch synthesis genes were downregulated. Additionally, salt stress elevated intracellular ROS, 

further activating lipid synthesis-related genes and enhancing lipid accumulation. The combined strategy also 

optimized FAME profiles, increasing saturated and monounsaturated fatty acid content, while improving biodiesel 

properties such as cetane number, oxidative stability, and viscosity. 

In a two-stage cultivation system, red light and salt stress significantly enhanced the production of high-value 

compounds in Chlorella sorokiniana and improved biodiesel quality [66]. During the second stage, 2-fold salt 

concentration (0.05 g/L NaCl) increased lipid content from 30.6% to 37.5%, representing a 22.54% improvement. 

Salt stress also induced the synthesis of polyunsaturated fatty acids (PUFAs) and promoted TAG accumulation by 

altering cell size and stability, though it caused a reduction in protein content, indicating a metabolic shift towards 

lipid synthesis. Furthermore, salt stress improved the FAME profile by increasing the proportion of saturated and 

monounsaturated fatty acids while reducing that of polyunsaturated fatty acids, thereby enhancing biodiesel 

stability and combustion performance. Integration of salt stress with red light further boosted photosynthetic 

pigment and lipid production, with carotenoid content increasing by 62.21% and lipid accumulation efficiency 

significantly enhanced. 

Anand and colleagues explored the effects of multi-component stress conditions (salt concentration, nitrate, 

phosphate, and hydrogen peroxide) on the growth and lipid accumulation of Scenedesmus sp., evaluating their 

potential to enhance biodiesel quality [61]. The results showed that under conditions of 100 mM NaCl, 35.29 mM 

NaNO3, 5.74 mM K2HPO4, and 10 mM H2O2, lipid content significantly increased to 226.4 µg/mg, which is 1.3 

times higher than without H2O2. 

Kato and coworkers demonstrated that salt-resistant Chlamydomonas sp. JSC4 mutant strains, developed 

through heavy ion beam mutagenesis and high-salinity adaptation, could grow in 7% seawater, achieving a 

biomass concentration of 4.08 g/L, which was higher than that of the parental strain [56]. It was further revealed 

that the expression of key genes related to salt-induced starch-to-lipid biosynthesis switching was suppressed in 

the salt-resistant strains, which may explain the reduced lipid synthesis. Furthermore, no cellular aggregation or 

hypertrophy occurred in the salt-resistant strains under salinity stress, indicating their enhanced salt tolerance. 

3.3. Effect of Salinity on Pigment Accumulation 

Under moderate salinity, photosynthesis in microalgae may be enhanced, thereby promoting the synthesis of 

pigments. Moderate salt level can induce the generation of appropriate levels of ROS, activating antioxidant 

enzyme systems such as SOD and CAT, thereby promoting the accumulation of antioxidant pigments like lutein 

and carotenoids. Conversely, high salt concentrations may suppress the expression of photosynthetic pigments like 

chlorophyll, causing metabolic shifts toward antioxidant pigment production, reflecting a trend of metabolic 

redistribution [67]. 

Patel et al. reported that Chlorella sorokiniana C16 demonstrated significant enhancement in lutein 

production under optimized conditions of light intensity, temperature, salinity, and nutrient levels. Under 10 k lux 

light intensity, 32 °C temperature, and 25% seawater dilution, lutein content reached a peak of 17.4 mg/g [23]. 

The two-stage cultivation strategy further increased lutein production to 71.13 mg/L, with the first stage promoting 

biomass growth and the second stage inducing lutein and lipid accumulation. Excessive light intensity (>15 k lux), 

salinity (100% seawater), or nutrient concentration (4X BS) inhibited lutein accumulation, highlighting the 

importance of moderate environmental conditions for optimal production. 

Under salt stress conditions, Golenkinia sp. SDEC-16 exhibits enhanced pigment metabolism changes, 

particularly the accumulation of carotenoids [67]. As salt concentration increases to 3%, chlorophyll content 

decreases about 58.4%, while carotenoid content rises approximately 2.5 times compared to the control group, 

scavenging the salt-induced ROS. Under high-salinity conditions (3%), ROS production increases by 6.6 times, 

activating antioxidant enzymes such as SOD. Carotenoids, acting as auxiliary antioxidants, play a crucial role in 

alleviating oxidative stress. Moreover, salt stress inhibits the activity of Photosystem II (PSII), reducing 

photosynthetic efficiency and prompting cells to enhance carotenoid synthesis to protect the photosynthetic 

apparatus from damage. 
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4. Effect of Electric Field on Microalgal Growth and Metabolite Accumulation 

Electric field technology is an innovative tool that relies on electrical energy, and is widely applied in 

biotechnology, energy conversion, and environmental protection [68]. By applying static or dynamic electric fields, 

this technology can influence cell membrane permeability, cell metabolism, and the release of intracellular 

components. In microalgae research, the application of electric fields has garnered significant attention for 

effectively optimizing growth conditions, enhancing biomass yield, and promoting the accumulation of high-value 

bioproducts. Table 4 and Figure 3 displayed the effect of electric field treatment on biomass production and 

metabolite accumulation of microalgae. 

Table 4. Effect of electric treatment on biomass production and metabolite accumulation. 

Algal Species Electric Treatment Condition Results References 

Acutodesmus dimorphus 10 kV LE-PEF, 2 s on, 60 s off 
28.8% increase in lipid 

productivity 
[69] 

Chlorella vulgaris nsPEF, 10–50 kV/cm Significant increase in growth [70] 

Chlorella vulgaris 
nsPEF, 100 ns pulse width, 60–100 

mA DC 
17.5% increase in growth [71] 

Chlorella vulgaris nsPEF 
Increased cultivation efficiency 

and growth 
[72] 

Chlorella vulgaris 
Medium electric field (2.7 kV/cm), 

50 min 
51% increase in growth [73] 

Chlorella vulgaris Post-incubation after PEF 
Maximized lipid bioaccessibility 

post-incubation 
[74] 

Haematococcus pluvialis 100 mA DC 20% increase in growth [75] 

Pavlova gyrans Electric field treatment Increased lipid production [76] 

 

Figure 3. Effect of electric field treatment on microalgal growth and metabolite accumulation. 

Periodic electrical treatment (100 mA applied every 4 days) enhanced growth and astaxanthin production of 

Haematococcus pluvialis [75]. Compared to the control, treated cultures exhibited a 20% increase in cell density 

and a 10% increase in astaxanthin content. This treatment also improved chlorophyll content (24.8 mg/L versus 

19.8 mg/L) and accelerated nitrogen uptake, indicating enhanced nutrient utilization. Additionally, treated cells 

were smaller in size, suggesting active cell division and proliferation. 

Mild electric stimulation at 4 V (31 mA cathodic current) for 4 h in a two-chamber electrochemical reactor 

equipped with carbon-cloth electrodes, using 100 mM sodium phosphate buffer (pH 7.0) and aeration at 100 

mL/min, significantly enhanced the accumulation of neutral lipids and essential fatty acids in Chlorella sp. KR-1 

[77]. Under these conditions, TAG content increased to 2.1 times that of untreated controls, while polyunsaturated 

fatty acids such as linoleic acid and linolenic acid increased by 36% and 57%, respectively. 

The application of medium electric fields (1 to 10 kV/cm) to Chlorella vulgaris significantly stimulated cell 

growth, with a 51% increase in growth rate observed after 50 min of exposure to a moderate static electric field 
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(2.7 kV/cm) at a concentration of 0.4 g/L [73]. This growth enhancement was attributed to improved cell 

membrane permeability, facilitating nutrient uptake and promoting cell proliferation. However, prolonged 

exposure, such as 70 min, led to increased peroxide accumulation, resulting in oxidative stress and a decline in growth 

due to excessive ROS production, including hydroxyl radicals. At lower cell concentrations (e.g., 0.25 g/L), shorter 

treatment durations (e.g., 10 min) effectively promoted growth. Conversely, at higher concentrations, the optimal 

treatment duration increased, with a 70-min exposure found to be most effective for a concentration of 1.0 g/L. 

Electric field treatment applied to the single-celled microalga Pavlova gyrans demonstrated a significant 

impact on its biochemical composition, despite not markedly promoting cell growth [76]. Under optimized 

conditions (0.54 V/cm), applied during the exponential growth phase on day 6 for durations of 6 h and 30 h, 

chlorophyll a and carotenoid content increased by 74.9% and 66.2%, respectively. Additionally, lipid, 

carbohydrate, and protein content rose by 4.72%, 18.7%, and 5.41%, respectively. These findings indicate that 

electric field treatment can effectively modulate the biochemical profile of microalgae, presenting a promising 

approach for regulating microalgal metabolism and enhancing biorefinery applications. 

4.1. Pulsed Electric Field Treatment 

Pulsed electric field (PEF) is a technology that applies high-intensity electric fields (10–50 kV/cm) to treat 

microalgae cells. In principal, PEF uses short-duration electrical pulses (ranging from nanoseconds to milliseconds) 

to induce electroporation in microalgae cell membranes, offering low energy consumption, lower thermal load, 

and efficient release of intracellular components [70]. 

For Acutodesmus dimorphus, optimized PEF treatment using a 10 kV low-energy pulse field (pulse cycle of 

2 s on and 60 s off, lasting for 15 min, with six cycles per day) resulted in a 28.8% increase in lipid productivity 

[69]. PEF treatment at an electric field strength of 20 kV/cm, a pulse width of 5 μs, and an energy input of 31.8 

kJ/kg, combined with post-PEF incubation at 25 °C or 37 °C for 12 h, or at 4 °C for 48 h, significantly enhanced 

lipid bioaccessibility in Chlorella vulgaris, increasing from 4–7.8% to 18.7–20.9% [74]. Microalgal lipid 

maintained good oxidative stability after 3 months of storage at 40 °C. 

Nanosecond pulsed electric field (nsPEF) treatment significantly enhanced the biomass yield of C. vulgaris, 

achieving an increase of up to 17.53 ± 10.46% [71]. A pulse repetition frequency range of 1 Hz to 3.5 kHz ensured 

efficient treatment without excessive heat generation. Key parameters, including electric field strength, pulse 

repetition frequency, and pulse width, with the longest pulse width of 100 ns and electric field strength of 2.7 

kV/cm is the most optimal for enhancing biomass yield while maintaining cell viability. The treatment primarily 

stimulated cell proliferation, suggesting that nsPEF enhances biomass production through mechanisms related to 

cellular and membrane processes. Furthermore, nsPEF treatment significantly reduced microbial contamination, 

achieving over a 1 log10 reduction in bacterial colony-forming units, while preserving the viability of C. vulgaris 

cells compared to untreated controls [72]. 

The PEF technology is a highly efficient, low-energy method for promoting microalgal growth as well as 

enhancing lipid and metabolite production, particularly in species like Chlorella. Optimizing parameters such as 

electric field strength, pulse frequency, and treatment duration minimizes energy consumption, reduces costs, and 

increases productivity. Based on these attributes, PEF appear to be economically and environmentally 

advantageous for sustainable industrial applications. As advancements progress, PEF and similar techniques are 

poised to further enhance microalgae biorefinery efficiency, supporting sustainable, cost-effective processes and 

contributing to the development of a circular bioeconomy. 

5. Future Perspectives 

In the field of microalgal cultivation, research has shown that environmental stress influences various aspects 

of metabolism, promoting lipid accumulation, protein stability, and pigment synthesis, making it a key strategy 

for enhancing the production efficiency of biofuels, nutritional supplements, and biopharmaceuticals. Moderate 

stress can alter carbon metabolism, shifting carbon flow from carbohydrate and protein synthesis toward lipid 

storage while optimizing fatty acid composition, to improve biodiesel stability and combustion performance 

[78,79]. In the future, application of genetic engineering and stress-adapted cultivation techniques are advocated 

to establish more resilient microalgal strains to sustain lipid production under high-stressed conditions, reduce 

biofuel production costs while integrating seawater cultivation and industrial wastewater utilization to drive 

sustainable energy development. 

Environmental stress factors influence protein metabolism, and studies have identified stress-tolerant 

microalgae that exhibit high protein stability or even increase protein synthesis under high stress conditions. 

Therefore, transcriptomic and proteomic approaches should be adopted to analyze stress-induced protein 
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expression, to identify new bioactive or specialized microalgal proteins which can be applied to improve food 

nutrition, animal feed, and pharmaceuticals. Such genetic modifications can enhance protein synthesis in 

microalgae under stress, creating a sustainable protein source. 

Given that environmental stress influences pigment metabolism, inhibiting chlorophyll synthesis while 

promoting the accumulation of carotenoids, lutein, and astaxanthin, future metabolic engineering and fermentation 

technologies aimed at enhancing pigment production efficiency and screening for stress-tolerant, high-yield 

microalgal strains, are needed to identify strains that provide sustainable source of natural pigments. Additionally, 

researchers should identify strategies that can modify environmental stress to improve microalgal pigment 

composition, antioxidant capacity and cellular protection mechanisms, thereby expand the applications of such 

microalgae in medicine and functional foods. 

In summary, environmental stress not only enhances lipid accumulation but also regulates protein stability 

and pigment metabolism, demonstrating its potential contribution to the production of biofuels, nutrition, and high-

value bioproduct development. In future, advancements in genetic modification, metabolic engineering, and 

intelligent cultivation technologies are advocated to improve microalgal salt tolerance and metabolic regulation, 

thereby drive large-scale their applications in renewable energy, environmental sustainability, and high-value 

industries, offering innovative solutions for global sustainable development. 

6. Conclusions 

Stress factors, both conventional (light and salinity) and unconventional (electric field treatment), are 

effective strategies for enhancing microalgal growth and metabolite production. Notably, light intensity, quality, 

and photoperiod significantly impact photosynthesis, enzymatic activity, and metabolic pathways, with moderate 

light boosting growth and efficiency. LED spectral control enables precise manipulation of pigment and metabolite 

synthesis. Salinity stress promotes lipid biosynthesis, antioxidant activity, and valuable metabolites, but it needs 

to be optimized to balance growth and productivity. Emerging methods like PEF treatment stimulate intracellular 

compound accumulation with low energy input, offering transformative potential for sustainable biomass 

processing. Integrating and optimizing these factors in scalable systems is key to producing high-value 

biomolecules and biofuels. Such advancements will support circular bioeconomy models, addressing global energy 

and resource sustainability challenges. 
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