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Abstract: Microalgae have evolved a diverse carotenoid profile, enabling efficient light
harvesting and photoprotection. Previous studies have demonstrated the feasibility of
genome editing in the green algal model species Chlamydomonas reinhardtii, leading to
significant modifications in carotenoid accumulation. By overexpressing a fully redesigned
β-carotene ketolase (bkt), the metabolic pathway of C. reinhardtii was successfully redirected
toward astaxanthin biosynthesis, a high-value ketocarotenoid with exceptional antioxidant
properties, naturally found in only a few microalgal species. In this study, a tailor-made
double knockout targeting lycopene ε-cyclase (LCYE) and zeaxanthin epoxidase (ZEP)
was introduced as a background for bkt expression to ensure higher substrate availability
for bkt enzyme. The increased zeaxanthin availability resulted in a 2-fold increase in
ketocarotenoid accumulation compared to the previously engineered bkt1 or bkt5 strain in
the UVM4 background. Specifically, the best ∆zl-bkt-expressing lines reached 2.84 mg/L
under low light and 2.58 mg/L under high light, compared to 1.74 mg/L and 1.26 mg/L,
respectively, in UVM4-bkt strains. These findings highlight the potential of rationally
designed microalgal host strains, developed through genome editing, for biotechnological
applications and high-value compound production.

Keywords: astaxanthin; microalgae; Chlamydomonas reinhardtii; metabolic engineering;
carotenoids

1. Introduction
Carotenoids are liposoluble pigments synthesized by plants and microorganisms [1],

playing crucial roles in photosynthetic organisms, including light harvesting and photopro-
tection [2]. These 40 carbon molecules are tetraterpenes composed of eight isoprene units,
absorb light in the 350–550 nm range, and are characterized by a typical yellow, orange, or
red coloration [3]. Carotenoids can be classified into two main groups: carotenes, which
are hydrocarbons, and xanthophylls, which are their oxygenated derivatives. Among
carotenoids, astaxanthin (3,3′-dihydroxy-β,β-carotene-4,4′-dione) is a ketocarotenoid with
a reddish-purple hue and exhibits exceptionally high activity against ROS. Astaxanthin is
synthesized from zeaxanthin through a reaction catalyzed by the enzyme beta-carotene
ketolase (BKT) or from β-carotene via a dual reaction catalyzed by BKT and beta-carotene
hydroxylase (CHYb), with canthaxanthin as an intermediate [4].

Astaxanthin is considered one of the most potent natural antioxidants, estimated to be
approximately 6000 times stronger than vitamin C [5]. Oxidative stress is a major factor in
most neurodegenerative diseases, including Alzheimer’s, Parkinson’s, and amyotrophic
lateral sclerosis [6]. For that reason, astaxanthin has multiple health benefits due to its
activity against oxidative stress [7]. Astaxanthin has been explored for its potential as an
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antitumor agent and for its role in preventing cardiovascular and neurological diseases,
as well as diabetes [7]. It is also considered beneficial for patients at risk of ischemia,
hypertension, and stroke, and it has shown improvements in memory in cases of vascular
dementia [8].

Astaxanthin is produced only by a limited number of microalgal species. At the
industrial scale, the demand for natural astaxanthin is currently met primarily by Haema-
tococcus lacustris (formerly H. pluvialis), a green alga capable of accumulating up to 5% of
its dry weight in ketocarotenoids under stress conditions [9]. Besides the massive astax-
anthin accumulation, stress conditions also result in the degradation of photosynthetic
machinery [10] and the formation of cysts surrounded by a thick cell wall [11]. Despite
its high astaxanthin accumulation, using H. lacustris presents several challenges. Unlike
other industrially cultivated algae, it requires a strictly controlled two-stage cultivation
process, which increases production costs [12]. Its thick cell wall also necessitates energy-
intensive extraction methods to enhance bioavailability for food and feed applications [13].
Astaxanthin can also be synthesized from petrochemical-derived substrates. While this
method is economically advantageous, it has notable drawbacks, including producing a
racemic mixture with significantly lower antioxidant capacity. Furthermore, due to its
synthetic origin and the chemical processes involved, synthetic astaxanthin has not been
approved by the FDA for direct use as a dietary supplement, and it can be used only as
feed additive [14].

To overcome these limitations, genetic engineering strategies have been developed
to enable astaxanthin production in diverse biotechnological host organisms, including
bacteria [15,16] and yeast [17–19]. Due to their ability to exploit solar energy, photosyn-
thetic organisms were also considered, including plants [20–22], cyanobacteria [23,24],
and microalgae [25–33]. The microalga C. reinhardtii was deeply engineered to produce
astaxanthin; the synthetic redesign of the endogenous pseudogene β-carotene ketolase
(bkt) resulted in high-level ketocarotenoids accumulation [27]. More recently, in the same
host, the overexpression of bkt along with two other limiting enzymes, β-carotene hydrox-
ylase (CHYB) and phytoene synthase (PSY), resulted in the production of 23.5 mg L−1

(1.09 mg L−1 h−1), representing a fourfold increase compared to previous reports [25,34]. In
C. reinhardtii, different xanthophylls are present: the β–β xanthophylls zeaxanthin, antherax-
anthin, violaxanthin, and neoxanthin, and the ε–β xanthophylls loroxanthin and lutein [35].
All the xanthophylls are derived from β-carotene: lycopene β-cyclase (LCYB) converts
lycopene into β-carotene, the first xanthophyll in the β-branch, while lycopene ε-cyclase
(LCYE) utilizes the same substrate to generate γ-carotene, initiating the α-branch [36,37].
Under normal light, zeaxanthin does not steadily accumulate but is immediately con-
verted into violaxanthin by the enzyme zeaxanthin epoxidase (ZEP) through transient
mono-epoxidated antheraxanthin [37]. When the light intensity increases, a portion of
violaxanthin is converted back into zeaxanthin in C. reinhardtii by the enzyme CVDE [38],
by other VDE or VDE-like enzymes in other organisms [39]. The availability of substrates,
such as zeaxanthin and β-carotene, is essential for astaxanthin synthesis. Tailor-made back-
ground strain with different carotenoid compositions can be helpful for specific metabolic
engineering approaches to improve astaxanthin accumulation. For instance, Kneip and
colleagues applied CRISPR-Cas genome editing to generate a background with increased
accumulation of BKT substrates by knocking out the LCYE, leading to a 2.3-fold increase
in astaxanthin accumulation compared to UVM4, which is widely used for its positive
effect on gene expression due to the absence of the histone deacetylase Sir2 [40]. These
findings underscore the potential of genome editing to develop tailored backgrounds that
enhance astaxanthin production. Here, we report the use of another mutant, generated
by the deletion of both LCYE and zeaxanthin epoxidase (ZEP) [41]. The deletion of these
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two enzymes significantly impacts the photosynthetic apparatus, resulting in decreased
growth rate under low light conditions but increased productivity upon exposure to high
light. This mutant strain is particularly beneficial due to its ability to accumulate high
levels of both zeaxanthin and β-carotene, which are essential for efficient BKT-mediated
astaxanthin synthesis. This tailored background ensures a higher availability of BKT sub-
strates, thereby optimizing astaxanthin production. Moreover, certain sectors, such as
aquafeed, require pure keto-carotenoids without contamination from other carotenoids, as
the presence of other pigments may lead to unwanted coloration in the animal or interfere
with product quality.

To assess the exclusive effect of the host strain, the chosen approach was to overexpress
only the BKT enzyme, considering the existing shot of carotenoid biosynthesis toward
zeaxanthin production. The selected background supported astaxanthin synthesis by
providing a higher amount of BKT substrates compared to non-mutated strains, making it
a promising candidate for genetic engineering.

2. Materials and Methods
2.1. Algal Cultivation and Strain Maintenance

The C. reinhardtii ∆zl strain and its background cc4349 was kindly provided by Prof.
EonSeon Jin [41]. All strains were maintained on Tris-Acetate-Phosphate (TAP) using am-
monia as nitrogen source [42] agar plates or in liquid shake flasks at 25 ◦C, under continuous
white light at an intensity of 80–100 µmol photons/m2/s. Growth tests were performed in
shaking flasks at 25 ◦C, with cultures exposed to either low-light (70 µmol photons/m2/s)
or high-light (750 µmol photons/m2/s) conditions. Microalgae were grown in TAP medium
for mixotrophic conditions [43].

2.2. Expression Cassette, Transformation and Screening

The cloning vector used in this study contains the same genetic elements described
in [27]. Specifically, the C. reinhardtii bkt coding sequence was modified by removing the
last 345 bp, followed by synthetic redesign with codon optimization and intron spreading.
The optimized sequence was then cloned into pOpt2_PsaD_mVenus_Paro, allowing the
bkt protein to be fused with the photosystem I reaction center subunit II (PsaD) chloro-
plast targeting peptide and a C-terminal mVenus (YFP) tag. This assembled bkt fusion
protein was previously shown to be correctly localized within the chloroplast, where it
successfully catalyzed the biosynthesis of astaxanthin and canthaxanthin [27]. Nuclear
transformation was carried out by glass bead methods [44]. A selection of transformants
was performed on TAP agar plates supplied by paromomycin (12 mg/L) for 5–7 days. The
initial screening of expressing colonies was performed by visually selecting 62 colonies
displaying orange/brown pigmentation. These selected lines then underwent two rounds
of 80% acetone extraction, followed by absorption spectra analysis and spectral fitting as
described in the following sections.

2.3. Pigment Analyses

Pigments were extracted from intact cells using 80% acetone and analyzed through
absorption spectroscopy and reverse-phase HPLC. Absorption spectra were recorded using
a Jasco V-550 UV/VIS spectrophotometer (Jasco, Easton, MD, USA) and fitted following
the method described by Croce et al. (2002) [45], with the inclusion of the astaxanthin
absorption [27]. Given the similar absorption spectra of astaxanthin and canthaxanthin, the
fitting was considered representative of the total ketocarotenoid content. Cell densities to
estimate cellular ketocarotenoid contents were measured using a Countess II FL Automated
Cell Counter (Thermo Fisher Scientific, Waltham, MA, USA). Reverse-phase HPLC was
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performed following the method described by Lagarde et al. (2000) [46]. The system was
equipped with a C18 column and operated with a 15 min gradient of ethyl acetate (0–100%)
in a 9:1:0.01 (vol/vol/vol) mixture of acetonitrile, water, and triethylamine, at a flow
rate of 1.5 mL/min. Ketocarotenoid peaks were identified by comparing retention times
and spectral profiles with commercial standards from CaroteNature GmbH (Münsingen,
Switzerland). Specifically, spectral fitting was used during the screening phase to identify
the highest accumulating strains, while HPLC was employed to precisely determine the
pigment distribution on random colonies.

2.4. Growth Analysis

Microalgal growth was monitored following 720 nm Optical Density (720 nm OD)
and cell dry mass. Optical density was measured using a Jasco V-550 UV/VIS spectropho-
tometer while dry biomass was evaluated by overnight lyophilization and gravimetric
determination [27].

3. Results
3.1. Overexpression of bkt in ∆zl Strains Resulted in Astaxanthin Accumulation

The ∆zl mutant was obtained through CRISPR-Cas-mediated double knockout of the
LCYE and ZEP genes [41]. As a result of these mutations, the strain exclusively accumulates
zeaxanthin as its sole xanthophyll (Figure 1a) since the inactivation of LCYE blocks the
α-branch of carotenoid biosynthesis, while the knockout of ZEP prevents the conversion
of zeaxanthin to violaxanthin, effectively channeling the carotenoid flux toward zeaxan-
thin accumulation. Characterization of the ∆zl mutant revealed an adaptive advantage
under high-light photoautotrophic conditions, attributed to the zeaxanthin scavenging
activity [47]. Given the increased availability of zeaxanthin, directly accessible to the bkt
enzyme, and the absence of growth impairments, the ∆zl mutant was selected as the opti-
mal background for astaxanthin production. Additionally, the feasibility of using a fully
redesigned enzyme in C. reinhardtii has been previously demonstrated [27]. In this study,
we employed the same expression cassette. Specifically, as illustrated in Figure 1b, the bkt
coding sequence was codon-optimized, and rbcs intron 1 was strategically inserted along
the gene to enhance expression [48]. Moreover, the bkt sequence was fused to mVenus,
generating a fusion protein, as previously described [27]. The assembled vector was intro-
duced into the ∆zl mutant genome via the glass bead transformation method, as detailed
in the Materials and Methods section. Transformed cells were selected on TAP medium
supplemented with 12 µg/mL paromomycin, and colonies emerged after six days. No-
tably, some colonies exhibited a distinct orange-brown pigmentation (Figure 1c). The same
altered pigmentation was observed when individual colonies were cultivated in liquid
medium (Figure 1d). To identify the BKT expressing lines with the highest ketocarotenoid
accumulation, we initially selected 62 colonies based on the intensity of their red coloration.
These colonies then underwent acetone extraction, followed by carotenoids quantification
by spectral analysis. The pigment absorption spectra from ∆zl-bkt lines, extracted with
80% acetone, displayed a characteristic shoulder above 500 nm, which was absent in the
parental ∆zl strain (Figure 2, showing three representative colonies out of the 62 analyzed).
This spectral feature corresponds to the absorption peak of ketocarotenoids, such as as-
taxanthin. After normalization in the Qy region, ∆zl-bkt showed a more pronounced
shoulder compared to the previously generated bkt1 line in the UVM4 background [27]
suggesting either a higher accumulation of ketocarotenoid or a reduction in chlorophyll
content. HPLC analysis of ∆zl-bkt, ∆zl and the WT strains (cc4349) are reported in Figure 3.
As expected, zeaxanthin was the only xanthophyll present in the ∆zl. Differently, the
∆zl-bkt chromatogram exhibited additional peaks not present in WT or in ∆zl which can



Life 2025, 15, 813 5 of 14

be attributed to astaxanthin and canthaxanthin with astaxanthin being 75.8% of total keto-
carotenoid, a value comparable with previous finding when bkt gene was overexpressed
in UVM4 background [27]. Ketocarotenoid (keto) quantification in ∆zl-bkt lines and the
two highest-accumulating UVM4-bkt lines (bkt1 and bkt5) was performed through ab-
sorption spectra fitting as previously reported [27]. Specifically, keto accumulation was
assessed in relation to cell density (keto/cells), chlorophyll content (keto/Chls), and total
carotenoid content (keto/Car) across all 62 screened ∆zl-bkt lines, as well as in ∆zl and
UVM4-bkt strains. As shown in Figure 4a–c, the ∆zl strain, which lacks the bkt enzyme,
did not accumulate ketocarotenoids. Conversely, both UVM4-bkt and ∆zl-bkt strains ex-
hibited keto accumulation. Notably, accumulation per cell was nearly twice as high in
∆zl-bkt compared to UVM4-bkt (76 fg/cell vs. 37 fg/cell, respectively). Further analysis
of ketocarotenoids accumulation relative to chlorophylls and carotenoids confirmed that
∆zl-bkt lines accumulated twice as much keto as UVM4-bkt, which represent 78% of total
carotenoids. However, it is important to note that keto/Chl and keto/Car ratios can be
influenced by variations in chlorophyll or total carotenoid content. Previous studies have
shown that bkt expression in C. reinhardtii leads to a significant reduction in chlorophyll
content [27]. Therefore, using keto/Chl or keto/Car ratios could result in variations that
are not directly attributable to changes in ketocarotenoids themselves, but rather to dif-
ferences in chlorophyll or carotenoid levels. For this reason, keto/cells was prioritized as
the primary screening parameter. This parameter provides an absolute quantification of
astaxanthin per cell, which is directly related to the volumetric productivity of the strain,
reflecting the overall growth and biomass accumulation. Screening of the 62 ∆zl-bkt lines
revealed significant variability in astaxanthin content per cell, ranging from 50 to 121
fg/cell. This variability is attributed to the insertional position effect, as the bkt expression
cassette was randomly integrated into the C. reinhardtii nuclear genome, and the insertion
site can either enhance or suppress gene expression. Following this initial screening, the
20 lines with the highest keto/cell accumulation were selected and further cultured in
TAP medium for additional evaluation. The same parameters, keto/cell, keto/Chls, and
keto/Car, were evaluated for the 20 selected ∆zl-bkt lines (Figure 4a–c). Considering only
these top-20 selected ∆zl-bkt lines, the average ketocarotenoids content per cell increased
from 76 fg/cell to 115 fg/cell, representing a 164.6% increase compared to UVM4-bkt lines.

It is important noting that the UVM4-bkt lines herein analyzed, bkt1 and bkt5, were
selected as the top-performing lines in the UVM4 background. As observed in the first
screening phase, ∆zl-bkt lines accumulated ~2.5 times more ketocarotenoids per cell than
UVM4-bkt (118 fg/cell vs. 43 fg/cell). However, the trends for keto/Chls and keto/Car
differed between screenings. While keto/cell increased, both keto/Chls and keto/Car
ratios decreased, with keto/Chls dropping by 27% and keto/Car decreasing by 9% in the
top-20 ∆zl-bkt lines compared to the values obtained considering the initial screening on
all the 62 expressing lines. This reduction in keto/Chls and keto/Car is attributed to the
screening criteria: keto/cells was prioritized to minimize variations caused by differences
in chlorophyll and total carotenoid content. The fact that the top 20 selected lines did not
rank highest also for keto/Chls or keto/Car further validates the effectiveness of keto/cell
as the primary screening parameter. Among the 20 selected ∆zl-bkt lines, two (M37, M62)
were identified as the best performers in terms of keto/cell content and were chosen for
further analysis.

3.2. Algal Growth Is Not Perturbed by Ketocarotenoids Presence

The impact of ketocarotenoid accumulation in C. reinhardtii ∆zl-bkt was assessed by
cultivating selected transformant lines (M62 and M37), along with ∆zl and UVM4-bkt
(bkt5), in 50 mL flasks under mixotrophic conditions using TAP medium [43] at either 70 or
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750 µmol/m2/s, as described in Materials and Methods. Under low light conditions, both
∆zl-bkt expressing lines exhibited reduced growth compared to ∆zl and bkt1 (Figure 5a,c).
However, this difference was not observed under high light intensity (Figure 5b,c), where
both 720 nm OD and dry weight showed no difference. The altered pigmentation noted
during screening was also evident, with ∆zl-bkt lines displaying a more pronounced orange
coloration than bkt5 in both conditions (Figure 5d). Given the previously reported reduction
in chlorophyll content in UVM4-bkt, photosynthetic pigment content was analyzed under
both conditions to investigate the potential cause of ∆zl-bkt impaired growth. Table 1
presents the pigment content of ∆zl-bkt M62, UVM4-bkt, and ∆zl. Growth in TAP under
low-light conditions led to a significant reduction in cellular chlorophyll content compared
to ∆zl background. A similar decrease was previously observed in the bkt1 line, which
exhibited ~3.5-fold lower chlorophyll levels than its UVM4 background [27]. However, in
∆zl-bkt, the decrease in chlorophyll content was even more pronounced, with chlorophyll
content decreasing by an additional 40% compared to bkt1. Despite this drastic decline,
the Chl/Car ratio was only slightly affected, remaining comparable to bkt1 but lower than
in ∆zl. In addition, ∆zl-bkt lines displayed a markedly higher Chl a/b ratio than both
bkt1 and ∆zl, suggesting a reduction in photosystem antenna complexes, where Chl b is
primarily associated with peripheral light-harvesting proteins. When cells were grown
under high-light conditions, ∆zl-bkt and bkt5 lines showed comparable chlorophyll content,
with both exhibiting an increased Chl a/b ratio; although, the increase was less pronounced
than under low light. In this condition, however, the Chl/Car ratio was lower in ∆zl-bkt
lines compared to bkt5.

Figure 1. (a) Schematic of the carotenoid pathway towards astaxanthin biosynthesis in ∆zl back-
ground. Only major carotenoids and steps are indicated. Name of enzymes are reported. BKT,
carotene β-ketolase; CHYB, carotene β-hydroxylase; LCYB, lycopene β-cyclase; PDS, phytoene desat-
urase. (b) Schematic of the expression cassette used. CrBKT as previously was deprived of last 115aa,
codon optimized, intron inserted and targeted into chloroplast with PsaD transit Peptide; mVenus
(YFP) was used as fluorescent phusion protein and the gene expression was driven by the hybrid
HSP70A-Rbcs2 promoter. (c) Picture of orange/brown colonies phenotype. (d) Liquid cultivation of
(1) ∆zl, (2) UVM4-bkt (bkt1) (3, 4) ∆zl-bkt.
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Figure 2. Absorption spectra of 80% acetone-extracted pigments from ∆zl (green), three random
∆zl-bkt transformed lines (red) and UVM4-bkt (bkt1, orange). Spectra are normalized to absorption
in Qy region.

Figure 3. Representative HPLC of pigments from cc4349, ∆zl and ∆zl-bkt strains. Chromatograms
are shown reported the absorbance (ABS) of the different peaks at 440 nm. Neo: neoxanthin, viola:
violaxanthin, antera: antheraxanthin, zea: zeaxanthin, chl b: chlorophyll b, chl a: chlorophyll a; β-car:
β-carotene. Astaxanthin (Asta, peaks: 1, 4 and 7) and canthaxanthin (cantha, peaks: 2, 3, 5 and 6)
peaks are individually labeled.
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Figure 4. First and second screenings were performed by fitting absorption spectra to quantify
ketocarotenoid content per cell (a), as well as in relation to chlorophylls (b) and carotenoids (c). ∆zl
(n = 4), UVM4-bkt (n = 8), and ∆zl-bkt (n = 62 in first screening and n = 20 in second screening) were
analyzed.

Figure 5. Growth curves of ∆zl-bkt (M62-M37), UVM4-bkt (bkt1), and ∆zl in TAP medium using
low (70 µmol/m2/s) (a) or high (750 µmol/m2/s) (b) light. Curves were obtained by measuring
the optical density (O.D.) at 720 nm. Error bars are reported as standard deviation (n = 3). Values
significantly different compared to UVM4-bkt are reported with * in the case of M62 and ** for
M37 (Student’s t test, p < 0.05). (c) Dry weight obtained at the end of the growth curve. Error bars
are reported as standard deviation (n = 3). (d) Orange/red phenotype of microalgae growth in
both conditions.
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Table 1. Pigment content of ∆zl-bkt, UVM4-bkt, and ∆zl. Pigment content determined in cells
grown under low (LL, 70 µmol/m2/s) or high (HL, 750 µmol/m2/s) light in TAP medium. Data are
expressed as mean ± SD (n = 4).

∆zl-bkt (M62) UVM4-bkt (bkt5) ∆zl

TA
P

LL pg Chl/cell 0.43 ± 0.04 0.70 ± 0.04 0.88 ± 0.06
Chla/Chlb 4.55 ± 0.48 2.32 ± 0.08 2.61 ± 0.10

Chl/Car 2.09 ± 0.16 2.65 ± 0.07 3.2 ± 0.33

TA
P

H
L pg Chl/cell 0.19 ± 0.01 0.24 ± 0.05 0.54 ± 0.08

Chla/Chlb 3.72 ± 0.09 2.55 ± 0.33 2.83 ± 0.19
Chl/Car 1.24 ± 0.01 1.93 ± 0.01 2.18 ± 0.09

3.3. Yield of Ketocarotenoids in Different Growth Conditions

The accumulation of ketocarotenoids was assessed in cells grown in low-light or high-
light conditions. As shown in Figure 6a, both M62 and M37 exhibited higher ketocarotenoid
levels per cell compared to bkt5, with a more pronounced increase in M37 under low-light
conditions. Specifically, in this condition, M37 accumulated more than twice the amount
of keto/cell, reaching an average of 112 fg/cell, compared to 48.9 fg/cell in bkt5. In high-
light conditions, all strains displayed an overall ~50% reduction in ketocarotenoid content
per cell. However, M37 consistently showed the highest keto/cell content accumulation,
maintaining the same relative difference observed under low-light conditions. Both M62
and M37 exhibited impaired growth under low light in TAP, resulting in reduced OD at
720 nm and lower biomass accumulation. Consequently, despite the significantly higher
ketocarotenoid accumulation per cell in low light compared to high light, the overall
volumetric productivity remained similar, reaching 2.84 mg/L in low light and 2.58 mg/L in
high light for the best-performing line, M37 (Figure 6b). In contrast, the growth of bkt5 was
comparable in both conditions, leading to similar volumetric ketocarotenoid production
(1.74 mg/L in low light and 1.26 mg/L in high light) (Figure 6b). Nevertheless, despite the
decreased growth observed in low light for M62 and M37, their volumetric productivity
remained higher than that of bkt5 in both conditions. On average, ketocarotenoid titer in
M37 was 2.84 mg/L in low light and 2.58 mg/L in high light, compared to 1.74 mg/L and
1.26 mg/L, respectively, in bkt5, corresponding to an increase of approximately 63% in low
light and 104% in high light. Lastly, since all strains reached the stationary phase within the
same timeframe under both conditions, this trend was also reflected in daily productivity,
with M37 achieving the highest value in low light at 0.94 mg ketocarotenoids/L/day
(Figure 6c).

Figure 6. Quantification of ketocarotenoids per cell (a), volumetric productivity (b), and daily
productivity (c). Data were obtained from spectral fitting of 80% acetone extracts. Error bars are
reported as standard deviation (n =3). Values significantly different compared to UVM4-bkt are
reported with * (Student’s t test, p < 0.05).
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The proportion of total carotenoids converted into ketocarotenoids was calculated and
is reported in Table 2. Both M62 and M37 exhibited high conversion efficiency, with 60% to
71% of total carotenoids transformed into ketocarotenoids. In contrast, bkt5 achieved only
29% conversion in low light and 40% in high light.

Table 2. Carotenoid conversion into ketocarotenoid in TAP low light (LL, 70 µmol/m2/s) and high
light (HL, 750 µmol/m2/s). Data were obtained by spectral fitting of 80% acetone extract. n = 3.

∆zl-bkt (M62) ∆zl-bkt (M37) UVM4-bkt (bkt5)

TAP LL 60% ± 2% 71% ± 3% 29% ± 1.5%
TAP HL 65% ± 1.5% 66% ± 2.5% 40% ± 3%

These results demonstrate that a tailor-made genetic background can effectively en-
hance the biosynthesis of high-value ketocarotenoids in C. reinhardtii. The increased ac-
cumulation is likely due to greater substrate availability, representing a significant step
toward optimizing Chlamydomonas as a robust cell factory.

4. Discussion
Currently, natural astaxanthin is primarily produced by Haematococcus lacustris, a green

microalga capable of accumulating large amounts of the compound under stress conditions.
However, its industrial use faces several challenges, including slow growth rates, complex
cultivation requirements, and costly downstream processing, which limit its scalability and
economic viability. Synthetic astaxanthin is less expensive but has lower bioactivity and is
not approved for direct human consumption, limiting its use as a feed additive to provide
pigmentation. Genetic engineering has been explored in various organisms, including
bacteria, yeast, plants, cyanobacteria, and microalgae, to create alternative platforms for
astaxanthin production.

In this study, we investigate the use of a tailor-made background created by CRISPR-
Cas, introducing a double knockout in the lycopene ε-cyclase (LCYE) and zeaxanthin
epoxidase (ZEP) genes, referred to as the ∆zl mutant. This double mutation forces the accu-
mulation of only zeaxanthin and β-carotene, which serve as substrates for ketocarotenoid
biosynthesis. A similar approach was previously employed using a single knockout in
LCYE, thus increasing the availability of zeaxanthin and β-carotene by removing the com-
petitive pathway leading to lutein and loroxanthin biosynthesis. In this background, by
overexpressing three key enzymes in the astaxanthin biosynthesis pathway, BKT, CHYb,
and phytoene synthase (PSY), astaxanthin accumulation was achieved, obtaining a titer of
1.8 mg/L, about a 2.3-fold increase compared to the case of using UVM4 background [40].

In the present work, we used a simpler approach, overexpressing only the BKT enzyme
in the ∆zl background, as previously done in the case of the genetic engineering of the
UVM4 background by the overexpression of the BKT enzyme [27]. The ∆zl-bkt strain
(M37) accumulated 2.84 mg/L of total ketocarotenoids under low light and 2.58 mg/L
under high light, representing a 60% and 104% increase, respectively, compared to the
UVM4-bkt strain. These results demonstrate a significant improvement in ketocarotenoid
accumulation compared to the UVM4 background.

High-performance liquid chromatography (HPLC) analysis revealed that in ∆zl-bkt
lines all zeaxanthin was converted into astaxanthin, representing approximately 75% of
the total ketocarotenoids. The remaining 25% was canthaxanthin, produced by BKT acting
on β-carotene. This astaxanthin/canthaxanthin ratio mirrors that previously observed in
UVM4 strains, highlighting the limited availability of CHYb in the astaxanthin biosynthesis
pathway, being the conversion of canthaxanthin to astaxanthin catalyzed by the CHYb
enzyme, and only in the case of overexpression, a higher Asta/Cantha ratio could be
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reached [25]. Furthermore, due to the simplified carotenoid pool available, the ∆zl-bkt
strains were able to convert a higher proportion of the total carotenoid pool into keto-
carotenoids, with a conversion rate of about 70% in the best case, compared to a maximum
of 40% in the bkt5 strain.

Interestingly, the ∆zl-bkt lines showed relatively stable carotenoid conversion rates
when shifting from low to high light, with an 8% increase in M62 and a 7% decrease in
M37. In contrast, the bkt5 strain exhibited a 38% higher conversion of carotenoids into
ketocarotenoids under high light. This difference can be explained by substrate availability:
in the ∆zl mutant, only zeaxanthin and β-carotene are present, whereas in the UVM4 strain,
the full set of Chlamydomonas pigments is available, with zeaxanthin only appearing
under high light due to the xanthophyll cycle [49].

Finally, the ∆zl-bkt strains showed a non-significant but noticeable reduction in
biomass accumulation in low light conditions compared to the bkt overexpressing line
in the UVM4 background, indicating a potential growth disadvantage in limiting light
conditions. This is consistent with previous findings that the ∆zl mutant experiences
growth challenges under photoautotrophic conditions in low light, but performs better
under high light [47]. This phenomenon can likely be attributed to the reduced antenna size
in the ∆zl mutant, which decreases light harvesting efficiency. This further destabilization
of the antenna system in ∆zl-bkt strains is reflected in the chlorophyll a/b ratio, which
is further increased in the overexpressing line. Differently, in high-light conditions, the
growth kinetic of ∆zl-bkt strains was similar to the bkt5 case.

In both low-light and high-light conditions, the ∆zl-bkt strains achieved significantly
higher daily ketocarotenoid production than the bkt5 strain (Figure 6c). The higher keto-
carotenoid productivity and higher conversion rate of carotenoids into ketocarotenoids
(Table 2) of ∆zl-bkt strains make these strains an attractive candidate for industrial-scale
ketocarotenoid extraction. However, for the successful transition from laboratory-scale to
industrial-scale applications, scalability remains a critical consideration. This involves not
only ensuring that the strains maintain high productivity under large-scale cultivation con-
ditions. Further testing under high-stress conditions, such as intense high-light exposure
(3000 µmol·m−2·s−1) or industrial scaling up, are needed to assess the strain’s survival and
performance under these conditions. These tests will provide valuable insights into the
robustness of the strains and their ability to thrive under the varied conditions typical of
large-scale, cost-efficient production systems.

In conclusion, this study reinforces the potential of C. reinhardtii as a versatile and
robust platform for the sustainable production of high-value bioactive molecules such
as ketocarotenoids.

In recent years, C. reinhardtii has been successfully engineered to produce a growing
array of commercially relevant compounds, including therapeutic peptides, recombinant
proteins, and other high-value terpenoids [50,51].

By demonstrating stable and efficient production of ketocarotenoids in multiple ge-
netic backgrounds, this study reinforces the positioning of Chlamydomonas reinhardtii as a
promising biotechnological chassis for industrial applications. While C. reinhardtii strains
capable of astaxanthin accumulation have already been developed, this work provides an
important step forward by enhancing productivity in alternative genetic contexts, broad-
ening the versatility and robustness of the platform. The strains we have generated show
increased capacity for ketocarotenoid accumulation, further reducing production costs and
positioning C. reinhardtii as an even more competitive option in the market for aquafeed.
By offering a higher accumulation of ketocarotenoids, these strains can contribute to the
production of feed products that not only ensure improved animal welfare but also support
a shift away from synthetic chemical processes derived from petroleum-based sources.
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For certain applications, such as animal feed or nutraceuticals, it is crucial to achieve
high concentrations of the desired pigment, with minimal to no presence of undesired pig-
ments that may cause unwanted coloration in the animal or interfere with product quality.
The strains we have developed in C. reinhardtii are well-suited to meet this demand, provid-
ing high-purity ketocarotenoids due to the improvements made in the genetic background.

The growing role of C. reinhardtii in biotechnological applications reflects its ability
to contribute to the circular bioeconomy, reducing reliance on fossil fuels and minimizing
environmental impact. By producing valuable bioactive compounds in an environmentally
friendly manner, C. reinhardtii opens new opportunities for more efficient bioproduction
across various sectors, supporting the ongoing shift toward sustainable industrial practices
and green biotechnologies. This work adds another piece to the puzzle of producing
sustainable and high-quality animal feed, as well as nutraceuticals, in an eco-friendly, cost-
efficient, and scalable manner, fully decoupled from the harmful environmental impacts of
petroleum-based processes.

Author Contributions: Conceptualization, M.B. and F.P.; methodology, S.C., M.B. and F.P.; inves-
tigation, F.P., M.A. and S.C.; resources, M.B.; data curation, F.P. and S.C.; writing—original draft
preparation, F.P.; writing—review and editing, M.B.; visualization, F.P.; supervision, M.B. and S.C.;
project administration, M.B.; funding acquisition, M.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the EUROPEAN Innovation Council (HORIZON-EIC-2022-
TRANSITION-01—ASTEASIER—grant number 101099476) grant given to M.B.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated in this study are available in this published article.

Acknowledgments: The authors thank EonSeon Jin for providing the ∆zl mutant.

Conflicts of Interest: The authors declare competing financial interest: a patent application about
the use of the BKT gene has been submitted by the University of Verona and granted as national
level (patent application n. 102021000027824 and PCT/IB2022/060381 “MODIFIED β-CAROTENE
KETOLASE (BKT), CORRESPONDING NUCLEIC ACID AND MICROALGAE STRAIN COMPRIS-
ING THE SAME), with M.B., F.P., and S.C. among inventors. M.B. and F.P. are shareholders of the
company ASTEASIER srl.

References
1. Kull, O.; Pfander, H. List of new carotenoids. In Carotenoids: Isolation and Analysis; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.;

Birkauser Publishing: Basel, Switzerland, 1995; pp. 295–317.
2. Sun, T.; Rao, S.; Zhou, X.; Li, L. Plant carotenoids: Recent advances and future perspectives. Mol. Hortic. 2022, 2, 3. [CrossRef]
3. Britton, G. Structure and properties of carotenoids in relation to function. FASEB J. 1995, 9, 1551–1558. [CrossRef]
4. Fraser, P.D.; Miura, Y.; Misawa, N. In Vitro Characterization of Astaxanthin Biosynthetic Enzymes. J. Biol. Chem. 1997, 272,

6128–6135. [CrossRef]
5. Capelli, B.; Bagchi, D.; Cysewski, G.R. Synthetic astaxanthin is significantly inferior to algal-based astaxanthin as an antioxidant

and may not be suitable as a human nutraceutical supplement. Nutrafoods 2013, 12, 145–152. [CrossRef]
6. Bendich, A. Physiological role of antioxidants in the immune system. J. Dairy Sci. 1993, 76, 2789–2794. [CrossRef]
7. Bjørklund, G.; Gasmi, A.; Lenchyk, L.; Shanaida, M.; Zafar, S.; Mujawdiya, P.K.; Lysiuk, R.; Antonyak, H.; Noor, S.; Akram, M.;

et al. The Role of Astaxanthin as a Nutraceutical in Health and Age-Related Conditions. Molecules 2022, 27, 7167. [CrossRef]
8. Xue, Y.; Qu, Z.; Fu, J.; Zhen, J.; Wang, W.; Cai, Y.; Wang, W. The protective effect of astaxanthin on learning and memory deficits

and oxidative stress in a mouse model of repeated cerebral ischemia/reperfusion. Brain Res. Bull. 2017, 131, 221–228. [CrossRef]
9. Bubrick, P. Production of Astaxanthin from Haematococcus. Bioresour. Technol. 1991, 38, 237–239. [CrossRef]

https://doi.org/10.1186/s43897-022-00023-2
https://doi.org/10.1096/fasebj.9.15.8529834
https://doi.org/10.1074/jbc.272.10.6128
https://doi.org/10.1007/s13749-013-0051-5
https://doi.org/10.3168/jds.S0022-0302(93)77617-1
https://doi.org/10.3390/molecules27217167
https://doi.org/10.1016/j.brainresbull.2017.04.019
https://doi.org/10.1016/0960-8524(91)90161-C


Life 2025, 15, 813 13 of 14

10. Mascia, F.; Girolomoni, L.; Alcocer, M.J.P.; Bargigia, I.; Perozeni, F.; Cazzaniga, S.; Cerullo, G.; D’Andrea, C.; Ballottari, M.
Functional analysis of photosynthetic pigment binding complexes in the green alga Haematococcus pluvialis reveals distribution
of astaxanthin in Photosystems. Sci. Rep. 2017, 7, 16319. [CrossRef]

11. Boussiba, S.; Vonshak, A. Astaxanthin Accumulation in the Green Alga Haematococcus pluvialis1. Plant Cell Physiol. 1991, 32,
1077–1082. [CrossRef]

12. Fan, F.; Wan, M.; Huang, J.; Wang, W.; Bai, W.; He, M.; Li, Y. Modeling of astaxanthin production in the two-stage cultivation of
Haematococcus pluvialis and its application on the optimization of vertical multi-column airlift photobioreactor. Algal Res. 2021,
58, 102301. [CrossRef]

13. Oslan, S.N.H.; Shoparwe, N.F.; Yusoff, A.H.; Rahim, A.A.; Chang, C.S.; Tan, J.S.; Oslan, S.N.; Arumugam, K.; Ariff, A.B.; Sulaiman,
A.Z.; et al. A Review on Haematococcus pluvialis Bioprocess Optimization of Green and Red Stage Culture Conditions for the
Production of Natural Astaxanthin. Biomolecules 2021, 11, 256. [CrossRef]

14. Nguyen, K.D. Astaxanthin: A Comparative Case of Synthetic vs. Natural Production. 2013. Available online: http://trace.
tennessee.edu/utk_chembiopubs/94 (accessed on 14 May 2025).

15. Henke, N.A.; Heider, S.A.; Peters-Wendisch, P.; Wendisch, V.F. Production of the Marine Carotenoid Astaxanthin by Metabolically
Engineered Corynebacterium glutamicum. Mar. Drugs 2016, 14, 124. [CrossRef]

16. Park, S.Y.; Binkley, R.M.; Kim, W.J.; Lee, M.H.; Lee, S.Y. Metabolic engineering of Escherichia coli for high-level astaxanthin
production with high productivity. Metab. Eng. 2018, 49, 105–115. [CrossRef]

17. Torres-Haro, A.; Verdín, J.; Kirchmayr, M.R.; Arellano-Plaza, M. Metabolic engineering for high yield synthesis of astaxanthin in
Xanthophyllomyces dendrorhous. Microb. Cell Factories 2021, 20, 175. [CrossRef]

18. Kildegaard, K.R.; Adiego-Perez, B.; Domenech Belda, D.; Khangura, J.K.; Holkenbrink, C.; Borodina, I. Engineering of Yarrowia
lipolytica for production of astaxanthin. Synth. Syst. Biotechnol. 2017, 2, 287–294. [CrossRef]

19. Miura, Y.; Kondo, K.; Saito, T.; Shimada, H.; Fraser, P.D.; Misawa, N. Production of the carotenoids lycopene, beta-carotene, and
astaxanthin in the food yeast Candida utilis. Appl. Environ. Microbiol. 1998, 64, 1226–1229. [CrossRef]

20. Harada, H.; Maoka, T.; Osawa, A.; Hattan, J.; Kanamoto, H.; Shindo, K.; Otomatsu, T.; Misawa, N. Construction of transplastomic
lettuce (Lactuca sativa) dominantly producing astaxanthin fatty acid esters and detailed chemical analysis of generated carotenoids.
Transgenic Res. 2014, 23, 303–315. [CrossRef]

21. Nogueira, M.; Enfissi, E.M.A.; Martinez Valenzuela, M.E.; Menard, G.N.; Driller, R.L.; Eastmond, P.J.; Schuch, W.; Sandmann, G.;
Fraser, P.D. Engineering of tomato for the sustainable production of ketocarotenoids and its evaluation in aquaculture feed. Proc.
Natl. Acad. Sci. USA 2017, 114, 10876–10881. [CrossRef]

22. Jayaraj, J.; Devlin, R.; Punja, Z. Metabolic engineering of novel ketocarotenoid production in carrot plants. Transgenic Res. 2008,
17, 489–501. [CrossRef]

23. Harker, M.; Hirschberg, J. Biosynthesis of ketocarotenoids in transgenic cyanobacteria expressing the algal gene for beta-C-4-
oxygenase, crtO. FEBS Lett. 1997, 404, 129–134. [CrossRef]

24. Liu, Y.; Cui, Y.; Chen, J.; Qin, S.; Chen, G. Metabolic engineering of Synechocystis sp. PCC6803 to produce astaxanthin. Algal Res.
2019, 44, 101679. [CrossRef]

25. Amendola, S.; Kneip, J.S.; Meyer, F.; Perozeni, F.; Cazzaniga, S.; Lauersen, K.J.; Ballottari, M.; Baier, T. Metabolic Engineering for
Efficient Ketocarotenoid Accumulation in the Green Microalga Chlamydomonas reinhardtii. ACS Synth. Biol. 2023, 12, 820–831.
[CrossRef]

26. Cazzaniga, S.; Perozeni, F.; Baier, T.; Ballottari, M. Engineering astaxanthin accumulation reduces photoinhibition and increases
biomass productivity under high light in Chlamydomonas reinhardtii. Biotechnol. Biofuels Bioprod. 2022, 15, 77. [CrossRef]

27. Perozeni, F.; Cazzaniga, S.; Baier, T.; Zanoni, F.; Zoccatelli, G.; Lauersen, K.J.; Wobbe, L.; Ballottari, M. Turning a green alga red:
Engineering astaxanthin biosynthesis by intragenic pseudogene revival in Chlamydomonas reinhardtii. Plant Biotechnol. J. 2020,
18, 2053–2067. [CrossRef]

28. Seger, M.; Mammadova, F.; Villegas-Valencia, M.; Bastos de Freitas, B.; Chang, C.; Isachsen, I.; Hemstreet, H.; Abualsaud, F.;
Boring, M.; Lammers, P.J.; et al. Engineered ketocarotenoid biosynthesis in the polyextremophilic red microalga Cyanidioschyzon
merolae 10D. Metab. Eng. Commun. 2023, 17, e00226. [CrossRef]

29. Ryu, Y.-K.; Lee, W.-K.; Park, G.-H.; Kim, T.; Lee, Y.; Koh, E.-J.; Heo, S.-J.; Choi, W.-Y.; Oh, C. Preliminary assessment of astaxanthin
production in a new Chlamydomonas strain. Algal Res. 2024, 82, 103629. [CrossRef]

30. Leon, R.; Couso, I.; Fernandez, E. Metabolic engineering of ketocarotenoids biosynthesis in the unicelullar microalga Chlamy-
domonas reinhardtii. J. Biotechnol. 2007, 130, 143–152. [CrossRef]

31. Tan, C.-P.; Zhao, F.-Q.; Su, Z.-L.; Liang, C.-W.; Qin, S. Expression of β-carotene hydroxylase gene (crtR-B) from the green alga
Haematococcus pluvialis in chloroplasts of Chlamydomonas reinhardtii. J. Appl. Phycol. 2007, 19, 347–355. [CrossRef]

32. Liu, M.; Yu, L.; Zheng, J.; Shao, S.; Pan, Y.; Hu, H.; Shen, L.; Wang, W.; Zhou, W.; Liu, J. Turning the industrially relevant marine
alga Nannochloropsis red: One move for multifaceted benefits. New Phytol. 2024, 244, 1467–1481. [CrossRef]

https://doi.org/10.1038/s41598-017-16641-6
https://doi.org/10.1093/oxfordjournals.pcp.a078171
https://doi.org/10.1016/j.algal.2021.102301
https://doi.org/10.3390/biom11020256
http://trace.tennessee.edu/utk_chembiopubs/94
http://trace.tennessee.edu/utk_chembiopubs/94
https://doi.org/10.3390/md14070124
https://doi.org/10.1016/j.ymben.2018.08.002
https://doi.org/10.1186/s12934-021-01664-6
https://doi.org/10.1016/j.synbio.2017.10.002
https://doi.org/10.1128/AEM.64.4.1226-1229.1998
https://doi.org/10.1007/s11248-013-9750-3
https://doi.org/10.1073/pnas.1708349114
https://doi.org/10.1007/s11248-007-9120-0
https://doi.org/10.1016/S0014-5793(97)00110-5
https://doi.org/10.1016/j.algal.2019.101679
https://doi.org/10.1021/acssynbio.2c00616
https://doi.org/10.1186/s13068-022-02173-3
https://doi.org/10.1111/pbi.13364
https://doi.org/10.1016/j.mec.2023.e00226
https://doi.org/10.1016/j.algal.2024.103629
https://doi.org/10.1016/j.jbiotec.2007.03.005
https://doi.org/10.1007/s10811-006-9141-8
https://doi.org/10.1111/nph.20114


Life 2025, 15, 813 14 of 14

33. Liu, M.; Zheng, J.; Yu, L.; Shao, S.; Zhou, W.; Liu, J. Engineering Nannochloropsis oceanica for concurrent production of
canthaxanthin and eicosapentaenoic acid. Bioresour. Technol. 2024, 413, 131525. [CrossRef]

34. Zheng, K.; Wang, C.; Xiao, M.; Chen, J.; Li, J.; Hu, Z. Expression of bkt and bch genes from Haematococcus pluvialis in transgenic
Chlamydomonas. Sci. China Life Sci. 2014, 57, 1028–1033. [CrossRef]

35. Takaichi, S. Carotenoids in algae: Distributions, biosyntheses and functions. Mar. Drugs 2011, 9, 1101–1118. [CrossRef]
36. Grossman, A.R.; Lohr, M.; Im, C.S. Chlamydomonas reinhardtii in the landscape of pigments. Annu. Rev. Genet. 2004, 38, 119–173.

[CrossRef]
37. Lohr, M.; Im, C.S.; Grossman, A.R. Genome-based examination of chlorophyll and carotenoid biosynthesis in Chlamydomonas

reinhardtii. Plant Physiol. 2005, 138, 490–515. [CrossRef]
38. Li, Z.; Peers, G.; Dent, R.M.; Bai, Y.; Yang, S.Y.; Apel, W.; Leonelli, L.; Niyogi, K.K. Evolution of an atypical de-epoxidase for

photoprotection in the green lineage. Nat. Plants 2016, 2, 16140. [CrossRef]
39. Girolomoni, L.; Bellamoli, F.; Valbuena, G.; Perozeni, F.; D’Andrea, C.; Cerullo, G.; Cazzaniga, S.; Ballottari, M. Evolutionary

divergence of photoprotection in the green algal lineage: A plant-like violaxanthin de-epoxidase enzyme activates the xanthophyll
cycle in the green algaChlorella vulgarismodulating photoprotection. New Phytol. 2020, 228, 136–150. [CrossRef]

40. Kneip, J.S.; Kniepkamp, N.; Jang, J.; Mortaro, M.G.; Jin, E.; Kruse, O.; Baier, T. CRISPR/Cas9-Mediated Knockout of the Lycopene
ε-Cyclase for Efficient Astaxanthin Production in the Green Microalga Chlamydomonas reinhardtii. Plants 2024, 13, 1393.
[CrossRef]

41. Song, I.; Kim, J.; Baek, K.; Choi, Y.; Shin, B.; Jin, E. The generation of metabolic changes for the production of high-purity
zeaxanthin mediated by CRISPR-Cas9 in Chlamydomonas reinhardtii. Microb. Cell Factories 2020, 19, 220. [CrossRef]

42. Kropat, J.; Hong-Hermesdorf, A.; Casero, D.; Ent, P.; Castruita, M.; Pellegrini, M.; Merchant, S.; Malasarn, D. A revised mineral
nutrient supplement increases biomass and growth rate in Chlamydomonas reinhardtii. Plant J. 2011, 66, 770–780. [CrossRef]

43. Harris, E.H. Introduction to Chlamydomonas and Its Laboratory Use; Academic Press: San Diego, CA, USA, 2008; Volume 1.
44. Kindle, K.L.; Schnell, R.A.; Fernández, E.; Lefebvre, P.A. Stable nuclear transformation of Chlamydomonas using the Chlamy-

domonas gene for nitrate reductase. J. Cell Biol. 1989, 109, 2589–2601. [CrossRef]
45. Croce, R.; Canino, G.; Ros, F.; Bassi, R. Chromophore organization in the higher-plant photosystem II antenna protein CP26.

Biochemistry 2002, 41, 7334–7343. [CrossRef]
46. Lagarde, D.; Beuf, L.; Vermaas, W. Increased production of zeaxanthin and other pigments by application of genetic engineering

techniques to Synechocystis sp. strain PCC 6803. Appl. Environ. Microbiol. 2000, 66, 64–72. [CrossRef]
47. Kim, M.; Cazzaniga, S.; Jang, J.; Pivato, M.; Kim, G.; Ballottari, M.; Jin, E. Photoautotrophic cultivation of a Chlamydomonas

reinhardtii mutant with zeaxanthin as the sole xanthophyll. Biotechnol. Biofuels Bioprod. 2024, 17, 41. [CrossRef]
48. Baier, T.; Wichmann, J.; Kruse, O.; Lauersen, K.J. Intron-containing algal transgenes mediate efficient recombinant gene expression

in the green microalga Chlamydomonas reinhardtii. Nucleic Acids Res. 2018, 46, 6909–6919. [CrossRef]
49. Eskling, M.; Arvidsson, P.O.; Akerlund, H.E. The xanthophyll cycle, its regulation and components. Physiol. Plant. 1997, 100,

806–816. [CrossRef]
50. Masi, A.; Leonelli, F.; Scognamiglio, V.; Gasperuzzo, G.; Antonacci, A.; Terzidis, M.A. Chlamydomonas reinhardtii: A Factory of

Nutraceutical and Food Supplements for Human Health. Molecules 2023, 28, 1185. [CrossRef]
51. Perozeni, F.; Baier, T. Current Nuclear Engineering Strategies in the Green Microalga Chlamydomonas reinhardtii. Life 2023, 13,

1566. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.biortech.2024.131525
https://doi.org/10.1007/s11427-014-4729-8
https://doi.org/10.3390/md9061101
https://doi.org/10.1146/annurev.genet.38.072902.092328
https://doi.org/10.1104/pp.104.056069
https://doi.org/10.1038/nplants.2016.140
https://doi.org/10.1111/nph.16674
https://doi.org/10.3390/plants13101393
https://doi.org/10.1186/s12934-020-01480-4
https://doi.org/10.1111/j.1365-313X.2011.04537.x
https://doi.org/10.1083/jcb.109.6.2589
https://doi.org/10.1021/bi0257437
https://doi.org/10.1128/AEM.66.1.64-72.2000
https://doi.org/10.1186/s13068-024-02483-8
https://doi.org/10.1093/nar/gky532
https://doi.org/10.1111/j.1399-3054.1997.tb00007.x
https://doi.org/10.3390/molecules28031185
https://doi.org/10.3390/life13071566

	Introduction 
	Materials and Methods 
	Algal Cultivation and Strain Maintenance 
	Expression Cassette, Transformation and Screening 
	Pigment Analyses 
	Growth Analysis 

	Results 
	Overexpression of bkt in zl Strains Resulted in Astaxanthin Accumulation 
	Algal Growth Is Not Perturbed by Ketocarotenoids Presence 
	Yield of Ketocarotenoids in Different Growth Conditions 

	Discussion 
	References

