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Introduction
Scientific Importance and Health Benefits of Astaxanthin
The use of chemicals combined with an excessive and 
erratic lifestyle can lead to the production of free radicals, 
which harm the human body. Antioxidants prevent or 
reduce the risk of diseases caused by excess free radicals. 
Carotenoids comprise over 750 naturally occurring 
pigments with strong antioxidant properties.1,2 Secondary 
carotenoids are produced in response to stress to maintain 
cellular redox balance. The potent antioxidant capacity 
of AXT has been highlighted in high-impact studies, 
demonstrating its role in mitigating oxidative stress across 
cellular systems.3,4 

Astaxanthin (AXT) is one of the most potent 

antioxidants identified to date, particularly among 
carotenoids. AXT is a light-dependent carotenoid.5,6 
Notably, xanthophylls may contain one or more oxygen-
bearing functional groups, such as hydroxyl or ketone 
groups, whereas carotenes consist solely of hydrocarbons.7 
AXT's molecular structure confers unique biochemical 
properties, including antioxidant and anti-inflammatory 
effects, owing to its hydroxyl and carbonyl functional 
groups, polar configuration, and esterification potential.8,9

AXT, also known as 3,3'-dihydroxy-β,β-carotene-4,4'-
dione, is a naturally occurring xanthophyll, along with 
carotenes.10 The chemical structure of AXT is shown 
in Fig. 1. It contains two keto groups and two hydroxyl 
groups at positions 3,3' and 4,4' of the β-ionone rings, 
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Abstract
Astaxanthin (AXT) is a valuable 
xanthophyll carotenoid extensively utilized 
across the nutraceutical, pharmaceutical, 
cosmetic, and aquaculture industries. 
While this high-demand compound 
is produced both synthetically and 
biologically, natural AXT derived from 
the microalga Haematococcus lacustris 
(formerly called Haematococcus pluvialis) 
offers superior bioavailability and safety 
profiles, dominating the high-value market 
segment. However, the current industrial 
reality is hampered by low yields under 
standard cultivation, significantly restricting commercial viability. This comprehensive review 
systematically summarizes the latest advancements (2020-2025) in achieving cost-effective and 
sustainable hyper-production of natural AXT from H. pluvialis. We critically evaluate both 
established methodologies (e.g., two-phase cultivation, stress induction) and emerging strategies, 
including CRISPR-Cas9 editing, electrogenetics, and the application of nano-based stressors. 
Recent studies highlight significant yield enhancements, with reports of 20-35% increases via gene 
knock-ins and mild electric stimulation, achieving concentrations up to 200 mg L⁻¹. Crucially, 
this work provides an integrative comparison of advanced genetic engineering tools, nano-based 
induction protocols, and hybrid cultivation systems, distinguishing it from previous reviews 
focused predominantly on environmental factor optimization. The analysis offers actionable, 
evidence-based insights for accelerating the transition from lab-scale innovation to scalable 
industrial bioprocesses, thereby reducing production costs and enhancing the overall sustainability 
of natural AXT supply.
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respectively. Its chemical formula is 4,4'-dione-β,β'-
carotene-3,3'-dihydroxy-β.11 Additionally, the compound 
can readily cross cell membranes due to its lipophilic 
backbone flanked by hydrophilic groups at both ends. This 
process does not compromise the structural integrity or 
electron density of the bilayer membrane. Consequently, 
AXT exerts its antioxidant effects both intracellularly and 
extracellularly.12

This carotenoid has multiple applications in human 
health and nutrition. It is particularly effective in treating 
various diseases by counteracting oxidative cellular 
damage, including cardiovascular, gastrointestinal, liver, 
and cancer-related conditions.6

The primary applications of AXT include food, 
medicine, nutraceuticals, and dietary supplements, 
primarily related to human nutrition and health.13,14 Its 
importance extends beyond these areas, as it is a significant 
commercial component in aquaculture, cosmetics, and 
health food supplements. This is mainly due to its unique 
reddish color and exceptional antioxidant capabilities.15,16 
Moreover, AXT is a promising therapeutic agent with 
potential benefits for immune modulation, anti-aging, 
anti-cancer, and cardiovascular protection.9,17-20 Although 
AXT exhibits strong antioxidative activity (reported 
as up to 1000 times that of vitamin E, 200 times higher 
than tea polyphenols, 17 times higher than grape seed, 
and 10 times higher than other carotenoids like lutein, 
Canthaxanthin, β-carotene, and zeaxanthin in vitro)21-23 
efficacy can vary in vivo due to bioavailability factors. 
Potential limitations include minimal side effects at 
high doses (e.g., skin pigmentation), as noted in safety 
reviews,24 but contradictory studies suggest variable anti-
inflammatory effects in humans.17 Further studies are 
required to quantify its clinical advantages in humans. 
AXT and β-carotene from microalgae, including H. 
pluvialis, are suitable for human consumption owing 
to their natural origin and proven safety. Natural AXT 
from this alga has no known side effects and is designated 
GRAS (Generally Recognized as Safe) by the U.S. Food 
and Drug Administration (FDA). It is also registered by 
the Brazilian Health Surveillance Agency (ANVISA) and 

holds a prominent global market position.10,25 AXT from 
H. pluvialis has received regulatory approvals in several 
countries, including the United States, China, Japan, and 
various European nations, facilitating its use in dietary 
supplements and fortified foods.10 

Sources and production methods
AXT can be produced via the more expensive biological 
process or the more economical chemical synthesis 
method. AXT is obtained from two main sources: 
natural and synthetic. Synthetic AXT, derived from 
petroleum derivatives, is primarily used in animal feed, 
and its application in human nutrition, cosmetics, and 
pharmaceuticals is not recommended due to potential 
health risks. In contrast, natural production aligns with 
biological principles and sustainable development. 
Therefore, direct consumption of synthetic AXT as a food 
supplement or drug for humans is not recommended.8,24,26

Biological sources of AXT encompass a diverse range of 
microorganisms. Microalgae such as Chlorella zofingiensis 
and Haematococcus pluvialis (H. pluvialis) are primary 
producers, whereas Chlorella sorokiniana, Tetraselmis 
sp., and Scenedesmus sp. serve as secondary sources.11,27 
Yeasts including Phaffia rhodozyma, Xanthophyllomyces 
dendrorhous, and Yarrowia lipolytica also produce AXT.28 
Additionally, certain bacteria, such as Agrobacterium 
spp., Brevibacterium spp., and Paracoccus spp., synthesize 
this compound.28-30 Marine organisms, including 
Aurantiochytrium, are also natural sources of AXT.31

The single-celled alga H. pluvialis, a member of the 
Chlorophyceae class and found in aquatic environments 
worldwide, is the premier natural source for commercial 
AXT production. It can accumulate up to 5% of its 
dry weight as AXT (primarily in esterified form), 
rendering it valuable for industrial applications.9,11,32,33 
H. pluvialis, belonging to the phylum Chlorophyta, 
contains photosynthetic pigments such as chlorophyll a 

What is the current knowledge?
•	 Haematococcus pluvialis is the leading natural source for 

astaxanthin, a potent antioxidant used in nutraceuticals 
and aquaculture.

•	 Two-phase cultivation (green for biomass, red for stress-
induced astaxanthin) is standard but faces high costs 
and low yields.

What is new here?
•	 Comprehensive review of emerging biotechnologies like 

electrogenetics, CRISPR-Cas9, and nanoparticles for 
hyper-production.

•	 Evaluation of combined strategies and quantitative 
comparisons to guide commercial optimization and 
reduce costs.

Review Highlights

Fig. 1. Structural formula of astaxanthin.
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and b, along with various carotenoids. AXT constitutes 
approximately 90% of its total carotenoids, indicating a 
high pigment concentration in the dry biomass.34 This 
alga can be cultivated autotrophically (using light as an 
energy source) or heterotrophically (using organic carbon 
sources). Owing to its high AXT yield and superior 
biological properties, H. pluvialis is the most competitive 
natural source for industrial AXT production compared 
to other microbial producers.11

H. pluvialis renowned for its remarkable ability to 
produce AXT, a valuable carotenoid, particularly during 
the transition from motile vegetative cells to red dormant 
cysts. This transformation occurs under stress conditions, 
such as nutrient deprivation or high light intensity, 
resulting in rapid and substantial AXT accumulation as a 
defense against oxidative stress.11,35

H. pluvialis has a complex life cycle comprising two 
main phases (motile and nonmotile) and several stages, 
including microzooids, macrozooids, palmelloids, 
aplanospores, and hematocysts (Fig. 2).10 Under favorable 
conditions, flagellated cells (macrozooids) measuring 
20–50 μm predominate. Under environmental stresses 

such as nutrient deficiency or high light intensity, these 
cells lose their flagella and transform into nonmotile 
forms (palmelloids), followed by red aplanospores or 
hematocysts.13,36,37 AXT accumulation begins in the 
intermediate stage, marked by a green-orange color 
change over 7–10 days (Fig. 2c), and peaks in the 
aplanospore stage. These structural and biochemical 
changes make H. pluvialis an ideal source for natural AXT 
production (Fig. 2). 

In the vegetative phase, H. pluvialis cells contain 26–
60% protein, 25–39% carbohydrate, and 8–23% lipid 
on a dry weight basis. Upon entering the cyst phase, the 
biochemical composition changes significantly: protein 
decreases to 12–14%, carbohydrate increases to 43–74%, 
and lipid to 35–40%. Carotenoid content also increases 
to 2–5% of dry weight, which AXT comprising 80–99%. 
This biochemical shift not only aids algal survival under 
adverse conditions but also enhances its commercial value 
as an AXT source.38 

Most companies employ a two-phase approach for 
cultivating H. pluvialis to produce AXT.39-41 This strategy 
is based on the alga's life cycle and cellular properties, 

Fig. 2. Cell cycle of H. pluvialis: (a) green vegetative motile cell (flagellated), (b) aplanospore, (c) astaxanthin-accumulating aplanospore, (d) red cyst cell, (e) 
sporangium, (f) astaxanthin rich zoospores released from the sporangium, (g) aplanospore derived from astaxanthin containing zoospore. Scale bar: 10 µm.
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comprising at least two distinct phases: the green stage 
(growth phase), where cells multiply under favorable 
conditions to increase biomass; and the red stage (non-
motile phase), where cells are exposed to stress factors to 
induce AXT synthesis.36 In the green stage, cells reproduce 
and accumulate biomass but do not produce AXT. In 
contrast, during the red stage, they lose reproductive and 
motile capabilities but can accumulate AXT up to 5% 
of dry biomass weight.39-41 In the initial phase, culture 
conditions are optimized to maintain vegetative cells 
for robust division. Once target cell density is reached, 
physical or chemical adjustments activate AXT metabolic 
pathways (Fig. 3). This workflow (Fig. 3) integrates recent 
advancements in electrotechnologies for cell disruption, 
as demonstrated by Gherabli and colleagues.42

Thus, balancing the green and red stages is essential 
for maximizing yields. In this two-step process, H. 
pluvialis cells are first cultivated in photobioreactors 
under standard conditions to promote proliferation 
and biomass accumulation. Subsequently, they are 
transferred to larger photobioreactors or raceway ponds 
under stressful, nutrient-limited conditions to enhance 

AXT accumulation and encystment.8,9,30 AXT extraction 
from microalgal cultivation involves biomass harvesting, 
drying, cell disruption, and isolation. Commercially, 
centrifugation is the most common harvesting technique 
for H. pluvialis, often preceded by passive sedimentation 
due to the cells’ high density (Fig. 4).40,42

Enhanced AXT production in H. pluvialis can be 
achieved through stress induction, including high light 
intensity, salinity and pH changes, electrical stimulation, 
nuclear irradiation, nutrient deprivation, carbon-to-
nitrogen ratio adjustments, organic carbon addition, and 
chemical agents. These methods optimize the AXT yields 
for industrial applications by mimicking natural stresses 
(Table 1).36,44-49

Industrial details and market overview
Currently, most industrial-scale AXT production relies 
on chemical methods using petrochemicals and their 
derivatives.60 Due to lower production costs and prices, 
synthetic AXT meets aquaculture market needs and 
supplies approximately 95% of the total AXT market. 
As opposed to this, natural AXT, although produced in 

Fig. 3. Industrial downstream processing workflow for astaxanthin extraction from H. pluvialis biomass obtained via a two-phase approach for cultivating. The 
schematic illustrates a sequential process commencing with biomass harvesting through sedimentation or centrifugation, followed by freeze or spray drying, 
cell wall disruption via mechanical, enzymatic, or electrical methods (e.g., pulsed electric fields), solvent or supercritical fluid extraction, and purification by 
chromatography to yield the final product. Adapted from concepts in Refs.40,42,43
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smaller quantities, commands significantly higher prices 
due to its superior bioavailability and safety profile.32 
Importantly, chemical synthesis produces molecules 
with various configurations, lacking many biological 
characteristics of natural AXT. Owing to its petrochemical 

origin and stereoisomers that may compromise molecular 
stability, synthetic AXT poses potential toxicity and 
carcinogenicity risks. Consequently, its primary 
application is in salmon feed for muscle pigmentation.60,61 

Synthetic AXT, derived from petroleum derivatives, 
is primarily used in animal feed, and its application in 
human nutrition, cosmetics, and pharmaceuticals is not 
recommended due to potential health risks. In contrast, 
natural production aligns with biological principles and 
sustainable development. 

Currently, synthetic AXT dominates the global market. 
However, reports of adverse effects from synthetic AXT 
consumption in humans have substantially increased 
demand for natural AXT.25 Projections indicate significant 
growth in the natural AXT market in the coming years. 
Natural AXT exhibits higher esterification levels (up to 
95%) than its synthetic counterpart, enhancing energy 
production and protecting tissues from oxidative damage 
under stress. In contrast, synthetic AXT is poorly 
absorbed due to its crystalline structure, whereas natural 
AXT, being non-crystalline and lipid-soluble, shows 
superior absorption.62 Consequently, the retail price of 
natural nutraceutical-grade AXT exceeds US $100,000 
per kilogram. In the market, natural AXT extracted from 
sources such as microalgae and yeast competes with the 
synthetic form, which dominates industrial production. 
However, synthetic AXT has lower market value, limited 
biological functions, usage restrictions, and greater 
environmental impacts. The global market for natural 
AXT is expected to reach US $1 billion by 2025, driven 
by growing demand in sectors such as aquaculture, 
food, cosmetics, and pharmaceuticals.8,9,63 This surge has 
attracted new producers and garnered attention from 
various sectors. AXT prices typically ranges from $2,000 to 
$15,000 per kilogram, depending on purity, sales location, 
and extraction source (natural or synthetic). Natural AXT 
from sources such as algae is generally more expensive 
than synthetic forms derived from petroleum derivatives.64

The primary applications of AXT include food, 
medicine, nutraceuticals, and dietary supplements, 
primarily related to human nutrition and health.13,14 Its 
importance extends beyond these areas, as it is a significant 
commercial component in aquaculture, cosmetics, and 
health food supplements. This is mainly due to its unique 

Fig. 4. Integrated bioprocess pipeline for the production and extraction 
of astaxanthin from the microalga Haematococcus pluvialis. The process 
begins with large-scale cultivation (Raceway Photobioreactor) of the 
vegetative stage, followed by the induction of the astaxanthin-rich red 
cystic stage using stress factors. The resulting biomass is harvested, 
dried, and subsequently subjected to cell disruption and final astaxanthin 
extraction using methods like CO2 Supercritical fluid (SC) to obtain the 
high-value carotenoid.

Table 1. Methods for inducing astaxanthin production, including stress types and mechanisms

Induction Method Explanation References

Intense light Stimulating astaxanthin production with high-intensity light 44,50,51

Salinity changes Increasing or decreasing salinity to create stress 44,52-55

PH adjustment Changing the pH of the culture medium as a stressor 44, 56

Electrical stimulation Using electrical currents to stimulate biosynthesis 15,16,45,47,57

Nuclear irradiation Creating beneficial mutations with nuclear radiation 46,48

Nutrient deficiency Limiting nitrogen or phosphorus to increase production 10,47,58

Adjusting carbon /nitrogen ratio Optimizing the ratio to improve production efficiency 47

Organic carbon sources Adding glucose or other carbon sources as an energy source 36

Chemical agents Using substances such as salicylic acid to stimulate production 59
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reddish color and exceptional antioxidant capabilities.15,16 
It is also commonly applied as a colorant in the food and 
aquaculture industries.32

The H. pluvialis market is currently valued at 
approximately US $240 million, with raceway pond 
cultivation accounting for US $200 million and 
photobioreactors for US $40 million.65 This disparity 
arises from differences in the molecular structure of 
yeast-derived AXT, which has reduced biological efficacy, 
stricter usage restrictions, and lower suitability for human 
consumption. Table 2 provides a concise overview of the 
current and projected market outlook, highlighting key 
economic drivers and constraints.

Gaps and research objectives
Although production costs remain high, they can be 
reduced through more efficient cultivation and processing 
techniques for H. pluvialis biomass, combined with a 
biorefinery approach that generates valuable products and 
co-products.28,66 However, microalgal AXT production 
faces several challenges, including longer cultivation 
times (10–15 days) compared to yeasts and bacteria 
(7–10 days), slower growth rates, limited biomass yields, 
and lower carotenoid levels under standard conditions. 
Additionally, microalgae are susceptible to degradation 
or cellular collapse under stress, exhibit moderate AXT 
accumulation, and incur high cultivation costs. These 
factors continue to hinder economically viable industrial 
production of H. pluvialis.28,66 

This review examines existing methodologies 
for producing natural AXT from H. pluvialis and 
proposes research directions and innovations to 
achieve technological advancements, ultimately 
reducing industrial production costs. It also offers 
practical recommendations for refining these processes. 
Conventional and advanced cultivation techniques 
for H. pluvialis are outlined, focusing on strategies for 
the green and red growth phases. These approaches 
encompass various conditions and methods to enhance 
biomass and AXT yields in H. pluvialis. Consequently, 
this review provides new insights into achieving high 
biomass concentrations and optimal AXT accumulation 
for industrial applications.

Various approaches to enhancing biomass and the 
accumulation of Astaxanthin 
Numerous studies have investigated strategies to enhance 

biomass and AXT accumulation in H. pluvialis.40,46,62,67-69 
This section examines key factors influencing AXT 
production in both stages: the green stage, focuses on 
cultivating green H. pluvialis cells to increase biomass, 
and the red stage, where stress is applied to induce AXT 
synthesis (Table 3). Table 3 comprehensively details 
physical, chemical, and advanced biotechnological 
approaches used to manipulate the microalgal metabolism, 
primarily by inducing stress conditions to shift the cell 
from the green vegetative stage to the AXT-rich red cystic 
stage, alongside genetic and electrogenetic methods for 
improved yield and productivity.

Various cultivation media
Researchers have evaluated various conventional media, 
including BBM, Z8, BAR, FAB, BG-11, KM1, MM1, and 
MM2, for H. pluvialis cultivation. Among these, BBM 
provides the optimal environment for green cell growth.86

Effect of Light and Illumination Intensity
Light intensity and color are fundamental to AXT 
production.62,66 As the primary energy source for 
phototrophic cultivation, light is essential for cell 
development and AXT accumulation. Research shows a 
positive correlation between biomass, AXT productivity, 
and both light intensity and duration.50,51 Specifically, 
extended photoperiods and high intensities significantly 
enhance AXT accumulation, particularly in outdoor 
settings.50,51 

High light intensity induces reactive oxygen species 
(ROS) formation, which in turn activates carotenoid 
biosynthesis as a protective mechanism, thereby 
enhancing AXT accumulation. However, excessively high 
illumination can damage photosystems, reducing biomass 
growth. Moderate light levels (100–150 µmol photons 
m⁻² s⁻¹) provide a balance between sustained growth and 
pigment induction, while transient high-light exposure is 
optimal for short-term AXT stimulation.51

Moderate light conditions are key for effective AXT 
induction. To optimize yields, low light intensities are 
applied initially in the first phase to promote microalgal 
proliferation until optimal cell density is reached, followed 
by high light intensity as stress in the second phase to 
induce AXT accumulation.70,87 

In a detailed study, Torzillo et al88 examined the 
effects of varying light intensities on green H. pluvialis 
cell cultivation, analyzing biomass growth, chlorophyll 

Table 2. Global Market Overview and Economic Parameters for H. pluvialis-Derived AXT (2024-2032)

Economic parameter Details/Value

Market value (2024) US $127 million

Projected value (2032) US $266 million

Projected CAGR (2025-2032) 11.4%

Largest application segment (2024) Aquaculture ( > 35% of demand)

Fastest growing segment Cosmetics (Driven by UV-protection/anti-aging)

Production cost challenge Natural astaxanthin COGS must compete with synthetic astaxanthin (approx. 60-70% lower in price)

CAGR: Compound Annual Growth Rate, COGS: Cost of Goods Sold.
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Table 3. Key strategies employed for bioprocess optimization to enhance biomass and astaxanthin accumulation in H. pluvialis

Strategy 
category Specific method Mechanism of 

action

Impact on 
astaxanthin 
yield

Key findings/
examples Advantages Challenges/

Considerations Source

Environmental 
Factors (Stress 
Induction) 

Light Intensity

Stimulates 
photosynthesis and 
Reactive Oxygen 
Species (ROS) 
production, shifting 
metabolism.

Positive (High 
light is critical for 
accumulation).

Low light is optimal 
for growth; high light 
induces accumulation. 
Constant light led 
to a 60% increase in 
astaxanthin.

Precise control 
of cellular 
signaling and 
productivity 
increase.

Requires complex 
photobioreactor 
design and precise 
control.

65,70-72

Different Light 
Colors

Stimulates specific 
metabolic pathways 
via tailored 
wavelengths.

Positive (e.g., 
Blue LED, 
Blue + UV).

Blue LED enhances 
astaxanthin synthesis; 
Blue + UV led to 
a 4 × increase in 
chlorophyll and 23μg/
cell carotenoid.

Energy efficiency 
and precise 
physiological 
control.

Requires 
advanced LED 
systems and 
a complex 
understanding of 
cellular response.

5,73,74

Temperature

Directly affects 
photosynthetic 
machinery and cell 
division rate.

Positive 
(Optimal range: 
25−28∘C; specific 
27∘C with N 
depletion).

Maximum division 
at 20 °C. Synergy 
with N depletion 
at 27 °C resulted in 
a 37% increase in 
astaxanthin.

Optimizes 
growth and 
accumulation; 
synergy with 
other factors (N 
depletion).

Narrow optimal 
window; 
challenging to 
control at large-
scale; risk of cell 
lysis at > 35-40 °C.

70,75

Salinity Changes

Slows cell division 
and stimulates 
astaxanthin 
biosynthesis genes.

Positive (e.g., 
0.25−0.5%NaCl).

NaCl with sodium 
acetate increases AXT 
accumulation and 
biosynthesis gene 
activity.

Cost-effective; 
dual-purpose 
(stress induction 
and growth 
control); reduces 
contamination.

High levels 
can cause cell 
bleaching and 
damage.

52,76,77

Nutrient 
Depletion (N 
and P)

Shifts metabolic 
priority toward 
energy storage and 
secondary synthesis 
(carotenoids).

Potently Positive 
(especially N 
depletion).

N depletion is more 
effective than high 
light. Limiting all 
nutrients except CO2 
is also efficient.

Most potent and 
cost-effective 
inducer for AXT 
synthesis.

Requires 
precise nutrient 
management 
systems; 
negatively impacts 
overall biomass 
growth.

58,72

pH Adjustment
Affects cell 
proliferation and 
metabolism.

Not specified/
Variable.

H. pluvialis grows 
in a wide pH range 
(4.0−9.0).

Reduces need for 
precise control 
and lowers 
operational 
costs.

Direct effect as 
a sole induction 
factor for high 
AXT accumulation 
is minor; 
optimization is 
typically limited to 
the green stage.

65,78

Advanced 
Biotechnological 
Approaches

Nanoparticles 
(NPs)

Creates stress 
conditions via active 
radicals to stimulate 
AXT biosynthesis.

Positive (at low 
concentrations).

ZnO NPs and Mg 
NPs enhance 
AXT synthesis; 
Ag NPs promote 
peak carotenoid 
production. C-paints 
led to a 1.8 × AXT 
increase.

Targeted stress 
induction; 
potential for 
increased 
productivity.

Toxicity at high 
concentrations; 
reduced light 
penetration; 
requires precise 
dosing.

79,80

Strain 
Improvement 
(Mutagenesis)

Alters genetic 
structure (random 
or induced) for 
desirable traits 
(e.g., enhanced 
growth or AXT 
production).

Positive.

Induced mutagenesis 
(UV, EMS, DPA) 
yielded a 1.7 × AXT 
increase and a 30% 
productivity boost in 
raceway ponds.

Avoids GMO 
classification; 
significant 
improvements 
in yield and 
biomass.

Requires efficient 
screening; some 
mutagens are 
toxic.

71, 81, 82

Genetic 
Modification 
(CRISPR-Cas9)

Targeted genome 
editing to 
manipulate specific 
biosynthesis 
pathways (e.g., 
carotenoid 
pathway).

Positive.

In H. pluvialis, Cas9-
Lag resulted in a 
26.7% AXT and 29.0% 
zeaxanthin increase.

High precision; 
allows specific 
pathway 
manipulation; 
significant yield 
increase.

Regulatory 
challenges 
(GMO status); 
high technical 
complexity.

4,83-85

Electric 
Stimulation 
(Electrogenetics)

Induces controlled 
ROS (via electric 
current) to 
stimulate AXT 
biosynthesis.

Positive (e.g., 10 
mA current for 
4hrs).

10mA for 4hrs 
resulted in a 
21.8%−34.9% AXT 
increase; 30mA for 
2days increased AXT 
by 36.9%.

Sustainable and 
chemical-free; 
precise and 
cost-effective 
method.

Narrow 
"therapeutic 
window"; risk of 
cell damage at 
high currents; 
requires precise 
monitoring. 

16,42,47,57
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dynamics, photochemical parameters, oxygen evolution, 
and respiration under 50–600 μmol m⁻² s⁻¹. Notably, no 
saturation point for vegetative growth was observed below 
200 μmol m⁻² s⁻¹.88 Furthermore, Azizi et al34 showed 
that in a 5-L stirred-tank photobioreactor with constant 
light during the phototrophic stage, biomass and AXT 
concentrations increased by 50% and 60%, respectively, 
compared to BG-11 cultures under 100 μmol m⁻² s⁻¹.34 
Additionally, Lv et al89 reported significant increases in 
metabolites essential for AXT biosynthesis with escalating 
light intensity.89

Different light colors
Selecting specific light wavelengths is one of the most 
effective tools to modulate microalgal metabolism and 
direct cellular energy flow toward the biosynthesis of 
valuable secondary metabolites such as AXT.74,90,91 

Monochromatic LED light influences microalgal 
physiology, making it pivotal for optimizing 
cultivation.74,91 Studies indicate that blue LED light (380–
470 nm) promotes AXT production with minimal impact 
on biomass. Exposure to blue LED light substantially 
increases AXT in dry biomass. Based on this, a 2004 
method proposed red LED light for the green phase and 
blue for the red, AXT-rich phase, which was tested in 
2016.73

Blue wavelengths induce the highest AXT accumulation, 
exceeding white and red light effects, due to reduced 
absorption by photosystem II pigment-protein complexes, 
minimizing photodamage and photoinhibition.73

In a 2015 study, Suyono et al5 induced oxidative stress 
with ultraviolet light to enhance H. pluvialis carotenoid 
content and examined blue, red, and white light effects on 
biomass.5 Their results showed that ultraviolet and visible 
light contribute to cell growth and carotenogenesis. 
Red-ultraviolet pairing yielded the highest biomass 
and a threefold chlorophyll increase.5 Blue-ultraviolet 
combination produced a fourfold per-cell chlorophyll 
increase, the highest total carotenoid (5 mg/L), and per-
cell carotenoid (23 μg/cell).5

Effect of temperature
A recent study optimizing H. pluvialis cultivation 
temperatures for industrial applications showed that 
temperature profoundly affects the photosynthetic 
machinery of H. pluvialis cells.75 It also revealed that 
temperature influences both cell division rates and cell 
size, highlighting the cultures' sensitivity to temperature 
fluctuations.75 Notably, the examined strain exhibited peak 
division rates at 20 °C, but fastest biomass accumulation 
at up to 30.5 °C. Multiple studies confirm that the upper 
limit for effective carotenogenesis in H. pluvialis is 30 
°C, with temperatures exceeding 35–40 °C causing cell 
lysis.10,39,51,70,92

Giannelli et al75 reported a 37% increase in AXT 
accumulation at 27 °C compared to 20 °C (156 mg L⁻¹ vs. 
115 mg L⁻¹) under nitrogen deprivation, with combined 
high temperature and nitrogen stress enhancing 

yields.75 Additionally, Hong et al93 found that 25–28 °C 
increased AXT production relative to 23 °C. They noted 
that 30–36 °C heat stress suppressed photosynthesis, 
with intracellular AXT levels negatively correlated to 
photosynthetic performance.93

Effect of pH
The pH of the culture medium is a critical physicochemical 
parameter influencing both vegetative growth (biomass 
production) and AXT induction (encystment) in H. 
pluvialis. The optimal pH range must be carefully 
maintained to maximize overall productivity, as extreme 
deviations can cause irreversible cellular damage and loss 
of culture viability. During the initial green growth phase, 
H. pluvialis exhibits maximal cell proliferation within a 
neutral to slightly alkaline range, typically between pH 7.0 
and 8.0.94-96 Within this range, the microalga effectively 
utilizes dissolved inorganic carbon sources, primarily 
bicarbonate ( 3HCO− ) and dissolved CO2. Deviations 
below pH 6.0 or above pH 9.0 significantly impede 
growth and may lead to cell lysis.96 For instance, published 
quantitative data show that while cell growth remains 
relatively stable from pH 5.0 to 9.0, the maximum cell 
density is generally achieved around a neutral pH.94 
However, recent studies demonstrate that this microalga 
can thrive across a broader pH range (4.0–9.0), showing 
greater adaptability than previously assumed.56

In the red induction phase, where AXT accumulation 
is triggered, the cellular response to pH becomes more 
complex, often interacting with other stressors. Some 
studies suggest that a slightly acidic pH may enhance 
carotenogenesis. Research exploring the influence of pH 
during the induction stage found that an environment 
of pH 6.5 resulted in a superior AXT accumulation 
effect compared to other tested pH environments.97 This 
suggests that a minor shift toward acidity during the 
stress phase might optimize the cellular environment 
for enzymatic activity related to carotenoid biosynthesis, 
possibly by modulating the activity of key enzymes like 
pH-sensitive beta-carotene hydroxylase. Therefore, 
efficient large-scale cultivation protocols mandate precise 
pH control, often relying on automated pH controllers 
and CO2 supplementation to maintain the optimal range 
for each distinct production stage.

Salinity
Salinity has a complex effect on lipid productivity in 
microalgae such as H. pluvialis.52 Evidence shows that 
combining sodium chloride (NaCl) with 2.2 mM sodium 
acetate markedly increases AXT accumulation.52

NaCl is often used to retard cell division while 
promoting AXT production. At moderate concentrations 
(0.25%-0.5% w/v), NaCl effectively enhances AXT 
synthesis, but higher levels may cause cell bleaching 
under phototrophic and mixotrophic conditions.52,53,55 
Salinity stress also upregulates genes involved in AXT 
biosynthesis.55 Incorporating NaCl (a cost-effective and 
widely available substance) into the culture medium 
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can enhance biomass, lipid, and carotenoid yields while 
reducing AXT production costs.

Gao et al55 reported strain-specific salinity tolerance in 
H. pluvialis; for example, three Australian isolates grew 
at NaCl concentrations up to 0.17 M (∼1%).54 Separately, 
Tam et al54 investigated NaCl effects on H. pluvialis, 
finding that high salinity suppressed growth but increased 
per-cell carotenoid content, highlighting the trade-off 
between growth and AXT production under salinity 
stress.54

Nitrogen depletion strategy
Research shows that nutrient scarcity, especially nitrogen 
stress, significantly enhances intracellular carotenoid 
accumulation, including AXT, in microalgal cultures. 
Nitrogen deficiency has a greater impact on cost-
effective AXT production than light intensity.10 Depleting 
both nitrogen and phosphorus rapidly promotes AXT 
accumulation and cellular encystment, with nitrogen 
depletion being more effective than phosphorus 
depletion.58 Moreover, restricting all nutrients except 
CO₂ may be the most efficient and economical approach 
for autotrophic AXT production, given the negligible 
difference in accumulation rates between nitrogen-
specific and complete nutrient deprivation.58

Nitrogen deficiency limits protein synthesis, reducing 
photosynthetic efficiency and redirecting carbon flux 
toward secondary metabolites such as carotenoids. The 
accumulation of ROS during nutrient stress acts as a 
signaling trigger for transcriptional upregulation of key 
carotenogenic genes, including bkt and crtZ, leading to 
enhanced AXT biosynthesis.58 Nitrogen is more critical 
than phosphorus due to its role in amino acid biosynthesis, 
halting cell division faster than phosphorus limitation.10

Nanoparticles
In recent years, researchers have investigated various 
nanoparticles (NPs) to increase AXT yields in microalgae 
by inducing radical-driven stress.80, 98, 99 For example, 
zinc oxide NPs amplify AXT levels by stimulating cell 
proliferation and content.100 

Nanoparticles (e.g., ZnO, TiO₂) generate free radicals 
via surface catalysis (interaction with cellular membranes 
and chloroplasts), elevating ROS levels that activate 
mitogen-activated protein kinase (MAPK) and nuclear 
factor erythroid 2-related factor 2 (NRF2) signaling 
pathways, upregulating genes like pds and lcy-b for AXT 
biosynthesis.100 This stress mimics environmental cues, 
increasing yields by 1.8-fold at 1 mg/mL.98

Further studies examined silver NPs (SNPs) at 10, 100, 
and 200 ppm for AXT biosynthesis; initially slowing 
growth, they increased biomass after acclimation, with 
peak carotenoid production at 10 ppm.99 Similarly, H. 
pluvialis exposure to biocompatible liquid fluorescent 
carbon nanodots (C-paints) at 1 mg/mL yielded a 1.8-
fold AXT increase compared to controls.98 Likewise, the 
application of magnesium nanoparticles has been found 
to enhance AXT synthesis in H. pluvialis.80 Rastar et al100 

reported that zinc NPs at 2.49 and 4.41 mg/L in BBM 
medium increased biomass, AXT, and chlorophyll levels, 
aligning with standard formulations.100 However, high 
metal NP concentrations can cause toxicity, reducing 
cell density due to impaired light penetration and 
photosynthesis.100

Strain improvement by mutagenesis 
Mutagenesis provides a powerful approach to modify the 
genetic structure and properties of microalgal strains, 
enhancing their industrial potential similar to methods 
used for traditional industrial microorganisms. Using 
genetic tools like gene expression and editing, endogenous 
and exogenous genes can be tailored to specific goals. 
Random mutagenesis is a key technique for microalgal 
strain improvement.59,101,102 

Critical genes in AXT biosynthesis (such as lycopene 
β-cyclase, phytoene desaturase, β-carotene oxygenase, 
β-ring hydroxylase, β-carotene ketolase, and ζ-carotene 
desaturase) are central to this process. Induced 
mutagenesis strengthens inheritable microalgal traits, and 
diverse editing strategies enable targeted mutagenesis, 
fostering novel genotypes.59,101,102

Mutagenesis occurs naturally but can be induced in 
laboratories using physical or chemical agents, even 
without comprehensive genome knowledge. Agent-driven 
lab mutagenesis mimics natural pathways, producing 
desirable mutants not classified as Genetically Modified 
Organisms (GMOs), thus facing fewer regulatory 
hurdles.103

Chemical mutagens like ethyl methanesulfonate 
are effective for random mutagenesis to amplify AXT 
production genetically. Similarly, N-methyl-N'-nitro-
N-nitrosoguanidine (MNNG) is a potent mutagen for 
H. pluvialis, generating cell wall-deficient mutants with 
higher AXT yields.104 Gomez et al demonstrated chemical 
mutagenesis combined with herbicide selection to 
improve strain traits for industrial use.105 Starting with 
a wild-type Chilean strain, they generated mutants; one 
grown in 25,000-L outdoor raceway ponds achieved 30% 
higher productivity than the wild type.105

Wang et al71 used a three-stage strategy with UV 
irradiation, ethyl methanesulfonate (EMS), and 
diphenylamine (DPA), increasing cell dry weight, 
extending logarithmic growth, and identifying high-AXT 
mutants. The DPA12-2 mutant showed a 1.7-fold yield 
increase over the wild type.71 Cheng et al applied48 Co-γ 
irradiation under high CO2, raising AXT to 46.0 mg/L and 
lipid content by 45.9%.59 

Early techniques used UV radiation and mutagens 
like EMS and diethyl sulfate (DES). Herbicides such as 
DPA and nicotine served as selective agents by inhibiting 
carotenoid synthesis, yielding mutants with elevated AXT 
and lycopene cyclase activity compared to wild types 
under lab conditions.106,107 

Liu et al used Fourier transform infrared (FT-IR) 
and Raman microspectroscopy for non-invasive AXT 
quantification in cells.108 They identified a strong 
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correlation between the FT-IR band ratio I(1740)/I(1156) 
and single-cell AXT content, enabling screening for 
hyper-producing mutants.108 In 2018, Hong et al exposed 
UV-mutated H. pluvialis to sodium azide (an antioxidant 
inducer), producing improved mutants.102 Among various 
mutants screened, the most productive strain (M13) 
exhibited an 88.5% increase in AXT content relative to the 
wild-type culture, indicating a substantial enhancement in 
carotenoid synthesis efficiency rather than the proportion 
of mutants generated.102

Various successful strain improvement methodologies 
utilizing physical and chemical mutagens, along with 
specific selection techniques, are comparatively detailed, 
highlighting their quantitative outcomes in Table 4.

Genetic modification based on CRISPR Cas 9
A key advancement in algal biotechnology is the use of 
RNA-guided endonucleases for targeted genome editing, 
enabling substantial genetic modifications in freshwater 
and marine microalgae via CRISPR-Cas9 systems.110 

The CRISPR system comprises two classes and six 
types, with the Cas9-driven type II system widely used 
for precise gene knockout, knock-in, and knockdown in 
algal species.110 In microalgae, especially diatoms, CRISPR 
alters gene functions to improve industrially relevant 
traits, such as increased lipid accumulation and biomass. 
The precision of CRISPR-Cas9 genome engineering in 
microalgae has been enhanced by various techniques.71,111 

CRISPR advancements promise to transform research 
by utilizing photosynthetic cells as scalable platforms 
for biofuels, food, and chemicals.71,111 This technology 
has been applied to species including Chlorella spp., 
Nannochloropsis spp., Synechococcus sp., Haematococcus 
sp., Phaeodactylum tricornutum, Chlamydomonas 
reinhardtii, and Parachlorella kessleri to boost lipids and 
AXT.112 

Specifically in H. pluvialis, CRISPR-Cas9 enables 
precise editing to enhance AXT synthesis.112 CRISPR-Cas9 
targets genes like β-carotene ketolase, enabling knock-in 
of carotenoid enzymes, yielding a 26.7% increase in AXT 
(90 mg/L) via enhanced lycopene-to-AXT pathway flux.85 
These enzymes mediate the conversion of β-carotene to 
AXT through sequential hydroxylation and ketolation, 
providing a direct metabolic enhancement route. CRISPR-
Cas9 has also elevated AXT in other microorganisms; 

for instance, in Xanthophyllomyces dendrorhous, yields 
increased 1.4-fold over wild type, and in Yarrowia 
lipolytica, from 44 ± 1 to 285 ± 19 mg/L.113

Electric stimulation (Electrogenetics)
Electrogenetics integrates electronics and genetics, 
emerging as a field in biology that uses electrical 
stimulation to remotely control user-defined genetic 
elements in engineered cells for specific outputs.114 Electric 
fields precisely modulate these cells' functions.114 A key 
feature is the use of affordable, accessible devices (like 
smartphones or rechargeable batteries) for stimulation.115 
It also enables precise engineering via micron-scale 
electrodes, surpassing other triggers like light.114

Electrical stimulation effectively boosts organic 
compound production in microorganisms, including 
electroactive, acetogenic, methanogenic species, 
and mixed cultures.116 This sustainable method uses 
renewable electricity at ambient conditions without 
chemicals, producing products like ethanol, butanol, 
3-hydroxypropionic acid, 1,3-propanediol, isopropanol, 
formic acid, butyric acid, and acetate.16,116 However, 
microalgal studies are limited, with electric treatment 
outcomes varying by species and cell state.16,116

Kim et al47 exposed biflagellate H. pluvialis cells to 100 
mA for 1 min, increasing cell density by 20% but not 
AXT content after 7 days of photosynthetic cultivation.47 
Conversely, Fitriana et al57 applied 30 mA continuously 
for 2 days, yielding a 36.9% AXT increase (6.0 mg/g cell) 
over controls.57 These studies demonstrate that prolonged 
low-intensity stimulation (e.g., 30 mA for 2 days) is more 
effective than short high-intensity (100 mA for 1 min), 
yielding 36.9% higher AXT without toxicity.47,57

In aerobic electrochemical conditions, ROS production 
signals stress response, promoting AXT biosynthesis.15 
Excessive treatment damages cells, detaching walls 
from cytoplasm and causing leaks due to excess radicals 
and pH drops from electrolysis.57 Electric stimulation 
enhances cellular redox potential, leading to controlled 
ROS generation that activates transcription of bkt and 
crtR-b genes in the carotenoid biosynthetic pathway. This 
effect promotes the conversion of β-carotene to AXT 
while simultaneously increasing lipid membrane stability 
(Fig. 5).16 Fig. 5 demonstrates the pathway from electric 
stimulation to AXT biosynthesis, aligning with recent 

Table 4. Comparative Summary of Strain Improvement Methods for Enhanced Astaxanthin Production in H. pluvialis

Mutagenesis method/agent Strain selection mechanism/benefit Quantitative result (AXT enhancement) Ref

Chemical Mutagenesis + Herbicide Improved industrial traits; enhanced growth 
and pigment accumulation

30% higher productivity than wild-type (in 
25,000-L outdoor raceway ponds).

105

Three-stage Strategy: UV, EMS, and DPA 
(Selective Agent)

Increased cell dry weight; extended 
logarithmic growth phase

1.7-fold yield increase (DPA12-2 mutant) over 
wild-type strain.

71

60Co-γ irradiation under High CO2

Enhanced AXT accumulation capacity under 
optimized conditions AXT yield increased to 46.0 mg/L. 59

UV Mutagenesis + Sodium Azide 
(Antioxidant Inducer)

Increased efficiency of carotenoid synthesis; 
improved stress tolerance

88.5% increase in AXT content relative to the 
wild-type culture.

102

Random Mutagenesis with UV-C Higher proliferation rate; increased biomass 
accumulation

45% higher AXT accumulation compared to 
the wild type.

109
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findings on bioelectronic control and oxidative stress 
modulation.114,115,117

In 2023, Sathiyavahisan et al16 identified non-toxic 
optimal conditions: 10 mA for 4 h rapidly induced AXT in 
H. pluvialis palmella phase by upregulating pds and crtR-b 
genes, increasing levels by 21.8-34.9% over controls.16 
Prolonged or intense treatments (20–30 mA) reduced 
AXT and other carotenoids (canthaxanthin, zeaxanthin, 
β-carotene), lowering viability to 84.2% and 65.6% with 
morphological changes like faded pigmentation and wall 
damage.16 Elevated ROS in treated cells likely drives AXT 
enhancement if treatment is mild.16

Combined strategies to enhance biomass and AXT 
accumulation
While individual optimization of physical (light, 
temperature) or chemical (nutrient starvation, CO2 
concentration) factors significantly enhances AXT 
productivity in H. pluvialis, the most advanced and 
commercially viable strategies often rely on combined 
stress application to leverage synergistic effects. These 
multifaceted approaches aim to simultaneously maximize 
biomass proliferation during the initial green phase 
and induce rapid encystment and AXT accumulation 
during the subsequent red phase, sometimes integrating 
both steps into a continuous process. A highly effective 
and frequently studied combined strategy is the 
simultaneous imposition of nitrogen deprivation and 
high light intensity.58,117 Combined stresses, such as 
nitrogen deprivation with high light (600 μmol m⁻² s⁻¹), 
yield synergistic effects, increasing AXT by 1.7-fold 
(174 mg/L) via enhanced ROS signaling and metabolic 
redirection.46,118,119

Nitrogen starvation halts cell division and photosynthetic 
machinery repair, while high light stress leads to the 
excessive generation of ROS. AXT, as a potent antioxidant, 
is rapidly synthesized within the cell’s cytoplasm and 
stored in lipid vesicles as a defense mechanism against this 
oxidative damage, thereby transitioning the cell into the 
dormant aplanospore stage.117 Studies have demonstrated 
that this combination results in superior AXT content 
and productivity compared to sequential or single-factor 
stress application.58

Beyond the foundational light and nutrient stresses, 
combining chemical factors and genetic tools has led 
to notable productivity breakthroughs. For instance, 
mixotrophic cultivation utilizing organic carbon sources 
combined with salinity stress has proven effective. Sarada 
et al explored the combined influence of high salinity 
and acetate (as an organic carbon source) on H. pluvialis, 
demonstrating a significant 45% boost in AXT content 
compared to individual treatments, by providing both 
stress induction and precursor/energy for biosynthesis.52 

Another cutting-edge combined approach integrates 
genetic or process enhancements with environmental 
stress. Gómez et al successfully utilized a combination 
of mutagenesis and nanoparticles for targeted genetic 
improvement and enhanced induction in a Chilean H. 
pluvialis strain.105 This sophisticated strategy resulted in 
a 30% productivity gain of AXT at the mass culture scale, 
highlighting the potential of merging molecular biology 
tools with process engineering for hyper-producing high-
value carotenoids. Furthermore, combining nutrient 
limitation with the introduction of redox-sensitive or 
oxidative stress-inducing compounds has been shown to 
modulate carotenogenesis, accelerating the accumulation 

Fig. 5. Schematic of electric stimulation (electrogenetics) on H. pluvialis, transitioning from green cyst cells to red cyst cells via cellular potential modulation, 
controlled ROS generation, gene upregulation (e.g., crtR-b, pds), β-carotene to astaxanthin conversion, and enhanced yield (21.8-34.9% AXT increase 
under optimal conditions: 10 mA, 4h). The process is non-toxic with high viability (based on electrogenetic principles in Refs. 114,115,117).
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of AXT (Fig. 6).120 As illustrated in Figure 6, combining 
CRISPR-Cas9 with stress induction has yielded significant 
enhancements, as reported in recent genetic engineering 
studies.83,84,101

Another pivotal combined approach is the development 
of one-step production systems.121 This strategy involves 
continuous culture under nitrogen-limited conditions, 
where the media is balanced to sustain minimal cell growth 
(biomass production) while perpetually maintaining the 
stress level necessary to trigger AXT biosynthesis. This 
method, successfully tested in various photobioreactors, 
optimizes resource utilization by eliminating the labor-
intensive two-stage process and achieving simultaneous 
biomass and pigment accumulation.121 

The efficacy of such combined and multifaceted 
approaches underscores the shift in industrial 
biotechnology towards integrated, continuous, and 
resource-efficient cultivation systems for natural AXT 
production.

Conclusion
The escalating global demand for natural, high-value 
nutraceuticals has positioned microalgae, particularly H. 
pluvialis, at the forefront of industrial biotechnology. As 
a consequence, considerable research efforts have been 
directed towards overcoming the inherent biological 
and engineering bottlenecks that currently limit the 
competitive market position of natural AXT against its 
synthetic counterpart.4,49,122 

The comprehensive evaluation of both traditional 
and emerging biotechnological approaches reviewed 

herein solidifies a crucial paradigm shift; the future of 
commercially competitive AXT production from H. 
pluvialis is intrinsically tied to integrated, multi-stage, 
and intelligently controlled bioprocessing. While single-
factor optimization has been foundational, the industry's 
profitability hinges on surpassing current volumetric 
productivity (mg L-1 day-1) limitations to effectively 
compete against the synthetic market. This endeavor 
requires transcending empirical protocols through robust 
synthesis and the adoption of cutting-edge technologies.

The current bottlenecks (low biomass density and 
prolonged induction time) mandate the implementation 
of targeted, integrated protocols. This review strongly 
advocates for the widespread adoption of hybrid 
cultivation systems, utilizing the economic scalability of 
open ponds for the initial high-volume green phase and 
the precision of closed photobioreactors (PBRs) for the 
AXT-inducing red phase. The critical factor for success 
in these integrated systems is achieving a final volumetric 
productivity target of ≥ 25 mg L-1 day-1, which is currently 
only possible through the synergistic application of 
precise light quality control (e.g., LED arrays) and 
optimized chemical stressors. Furthermore, process 
control must leverage the power of mixotrophy, where the 
strategic pulse feeding of organic carbon sources, such as 
acetate, not only fuels growth but also provides essential 
precursors for the final carotenoid biosynthesis.

To ensure sustained market growth and high-impact 
scientific contribution, future research must pivot 
towards quantitative breakthroughs guided by defined 
metrics. The next generation of AXT hyper-production 

Fig. 6. Schematic overview of synergistic effects from environmental stressors (nitrogen deprivation, high light intensity, mixotrophic cultivation + salinity 
stress) and advanced interventions (mutagenesis + nanoparticles, gene editing + CRISPR-Cas9) leading to ROS-mediated metabolic redirection and a 
1.7-fold increase in astaxanthin production in a one-step system. Benefits include scalability, cost reduction, high productivity, and sustainable production 
(inspired by strategies in Refs. 11,83,84,101).
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must be centered on the molecular level: 1) Advanced 
strain engineering: The utilization of powerful genetic 
tools, specifically CRISPR-Cas9 and transcriptional 
engineering, is paramount. The primary research 
direction should focus on manipulating key regulatory 
elements (transcription factors) to decouple growth 
and induction, thereby accelerating the cell cycle. The 
measurable metric for validating success must be the 
isolation of a super-strain capable of demonstrating a 
minimum cellular AXT content of ≥ 5% of dry cell weight 
combined with a > 20% increase in specific growth rate 
compared to the current industrial wild-type strains. 2) 
Smart bioprocess modeling: Industrial control needs to 
shift from reactive monitoring to predictive automation. 
Research into advanced machine learning algorithms, 
such as long short-term memory neural networks, must 
be pursued to accurately model and forecast AXT yield 
based on real-time sensor data (pH, ROS, light spectrum). 
This will enable automated decision-making for optimal 
stress initiation, with the scientific benchmark for these 
models set at a predictive accuracy (R2) of ≥ 0.95 for the 
final product yield.

In conclusion, the trajectory for AXT hyper-production 
is clear; the integration of biotechnological advances with 
rigorous process engineering and data-driven intelligence 
will be the driving force that secures the commercial 
dominance of this high-value natural AXT.
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