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ABSTRACT: Astaxanthin is a valuable ketocarotenoid with
various pharmaceutical and nutraceutical applications. Green
microalgae harbor natural capacities for pigment accumulation
due to their 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway.
Recently, a redesigned ß-carotene ketolase (BKT) was found to
enable ketocarotenoid accumulation in the model microalga
Chlamydomonas reinhardtii, and transformants exhibited reduced
photoinhibition under high-light. Here, a systematic screening by
synthetic transgene design of carotenoid pathway enzymes and
overexpression from the nuclear genome identified phytoene
synthase (PSY/crtB) as a bottleneck for carotenoid accumulation
in C. reinhardtii. Increased ß-carotene hydroxylase (CHYB) activity
was found to be essential for engineered astaxanthin accumulation.
A combined BKT, crtB, and CHYB expression strategy resulted in a volumetric astaxanthin production of 9.5 ± 0.3 mg L−1 (4.5 ±
0.1 mg g−1 CDW) in mixotrophic and 23.5 mg L−1 (1.09 mg L−1 h−1) in high cell density conditions, a 4-fold increase compared to
previous reports in C. reinhardtii. This work presents a systematic investigation of bottlenecks in astaxanthin accumulation in C.
reinhardtii and the phototrophic green cell factory design for competitive use in industrial biotechnology.
KEYWORDS: astaxanthin, Chlamydomonas reinhardtii, engineered ketocarotenoid production, metabolic engineering, β-carotene ketolase,
β-carotene hydroxylase, phytoene synthase

■ INTRODUCTION
High-value ketcarotenoidastaxanthin is one of the most
important pigments in biotechnology and is assumed to have
various health benefits after human consumption.1 It contains
two terminal β-ionone-type residues and an extended carbon
chain with conjugated double bonds, which confer high
antioxidant properties and its characteristic orange-red color.
Astaxanthin-containing feed yields red pigmentation in farmed
fish and shellfish (e.g., salmon, trout shrimps, and crayfish) and
promotes higher customer acceptance and market value (US
$550 million globally in 2017).2 Natural astaxanthin
accumulation is present in only a few microorganisms,
including selected microalgae (Haematococcus lacustris, Chla-
mydomonas nivalis, Chromochloris zofingiensis, Euglena sangui-
nea, Scenedesmus ssp., Nannochloropsis spp.), carotenogenic
bacteria (e.g., Paracoccus spp., Sphingomonas spp., and
Brevundimonas spp.), selected fungi (e.g., Xanthophyllomyces
dendrorhous), and few plant flowers (e.g., Adonis ssp.)3−5

However, slow growth rates and inefficient extraction, as
observed in H. lacustris aplanospores, reduce (bio-)accessibility
from native sources and raise demand for efficient alter-
natives.1,6

Carotenoid biosynthesis starts from glyceraldehyde 3-
phosphate (G3P) and pyruvate, which are used to create C5
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP) through the 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway in plastids and bacteria. These
C5 building blocks are condensed to the intermediate C20
geranylgeranyl pyrophosphate (GGPP) and subsequently to
the colorless C40 carotenoid phytoene. After desaturation to
lycopene, the pathway branches into α- and ß-carotenes. The
ß-carotene path enables the synthesis of the xanthophylls,
zeaxanthin and violaxanthin, which are bound by antenna
proteins of photosystems, increase light harvesting efficiency,
serve as major energy quenching molecules, and play
important roles in cellular protection against excessive light
and reactive oxygen species (ROS).7 The final synthesis of
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astaxanthin is achieved by oxidation of both zeaxanthin β-rings
or alternatively of β-carotene into canthaxanthin, followed by
hydroxylation.8,9 Heterologous astaxanthin biosynthesis has
been established in several heterotrophic microbes including
Escherichia coli,10,11 Corynebacterium glutamicum,12,13 and
Saccharomyces cerevisiae.14,15 Heterologous production in
microbial hosts typically involves carotenoid pathway recon-
stitutions using both, pro- and eukaryotic pathway enzymes as
well as enhancing flux toward isoprenoid biosynthesis by
modification of MEP/mevalonate (MVA) pathways. Fermen-
tative hosts can achieve relatively high volumetric production
titers of heterologous astaxanthin. In engineered E. coli, up to

1.18 g L−1 astaxanthin (7.8 mg g−1 CDW) after 60 h of fed-
batch fermentation has been reported.11 The promiscuous
nature of enzymes involved in astaxanthin biosynthesis leads to
the accumulation of several intermediates and side products in
conjunction with the target product, which can lower
bioprocess efficiencies.16

A key enzyme in the biosynthesis of astaxanthin is the ß-
carotene ketolase (BKT), which catalyzes the conversion of
zeaxanthin to astaxanthin and ß-carotene to canthaxanthin at
high efficiency.17−19 Several isoforms of this enzyme exist and
recently, Chlamydomonas reinhardtii BKT (CrBKT) has been
characterized through its heterologous overexpression in

Figure 1. Establishment of non-native ketocarotenoid accumulation and characterization of derived transformants. (A) C. reinhardtii UVM4 and
transformants derived from the integration of a synthetically optimized CrBKT construct. BKT expression was designed as protein fusion to an
antibiotic resistance marker (aminoglycoside adenylyltransferase, aadA) including a PSAD CTP and C-terminal StrepII-tag. Transcription was
driven by PSAD promoter and FDX1 terminator. Transformants exhibit a characteristic brown coloration. (B) Optical density recorded for C.
reinhardtii UVM4 and five randomly isolated transformants. Cultivation was performed in 100 mL Erlenmeyer flasks under mixotrophic conditions
with 350 μmol photons m−2 s−1. Results represent mean values and standard deviation from biological triplicates (n = 3). (C) Cellular chlorophyll
and carotenoid contents were quantified in acetone extracts after 72 h of mixotrophic cultivation. Results represent mean values and standard
deviation from biological triplicates (n = 3). (D) Photometric measurement of acetone extracts from C. reinhardtii UVM4 and BKT-expressing
transformants. (E) Thin-layer chromatography of acetone extracts from C. reinhardtii UVM4 and BKT-expressing transformants.
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Figure 2. Metabolic engineering of a CrBKT-expression transformant including the coexpression of enzymes involved in the MEP and carotenoid
biosynthesis pathway. (A) Schematic of the 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate (MEP) and carotenoid
biosynthesis pathway present in C. reinhardtii. Enzymes are depicted, which were identified as potential bottlenecks toward astaxanthin
biosynthesis. (B) Genetic constructs designed for coexpression in the CrBKT background strain (BKT1, Figure 1). Coding sequences were
synthetically optimized as previously described25,27 and designed as fusion proteins to a yellow fluorescence reporter (mVenus, YFP), with a PSAD-
targeting peptide78 and C-terminal StrepII-tag. Transcription was driven by the PSAD promoter78 and the FXD1 terminator.84 All plasmids used
for the second iteration of nuclear transformation contain an APHVIII paromomycin resistance cassette for selection (Paro).85 (C) Box and
whisker plot representing the measured fluorescence intensity of the 20 best-expressing transformants from 288 randomly isolated colonies.
Transformants were individually cultivated in 24-well microtiter plates, and fluorescence was quantified using a microtiter plate reader with
respective filter settings. The minimum (lowest line), lower quartile (bottom of the box), median (central line), mean (cross), upper quartile (top
of the box), maximum (top line), and outliers (dots) are depicted. (D) Pigment quantification of pooled samples from the best 20 expressing
transformants after individual transformant cultivation for 72 h in microtiter plates under mixotrophic conditions. Quantification was performed in
technical triplicates by HPLC, and the results represent mean values and standard deviation (n = 3).
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several photosynthetic host organisms including Physcomitrium
patens,20 Solanum lycopersicum,21,22 Oryza sativa,23,24 and
Arabidopsis thaliana.17 Natively, CrBKT expression is ex-
clusively limited to the zygospore state in C. reinhardtii and is
completely silenced in the green haploid vegetative state.16,19

Recently, CrBKT was overexpressed in vegetative C. reinhardtii
cells by synthetic redesign for high transgene expression25−27

and removal of a 116 amino acid long, low-complexity region
from the C-terminus.19 Under optimal growth conditions, a
CrBKT overexpressing C. reinhardtii transformant was found to
accumulate up to ∼6 mg L−1 (2.5 mg g−1 CDW)
ketocarotenoids,19,28 and transformants exhibited reduced
photoinhibition under high light.28 CrBKT overexpression
led to a clear modification of the pigment profile and co-
accumulation of astaxanthin and larger amounts of other
ketocarotenoid intermediates, including canthaxanthin. The
accumulation of several partially ketolated intermediate
carotenoids in addition to astaxanthin may have been due to
the lower activity of other enzymes responsible for further
functionalization, which are not natively expressed at levels
that balance the engineered overexpression of the CrBKT. To
date, no further metabolic optimization to enhance astaxanthin
accumulation in this algal host has been reported.
Metabolic engineering in the model green microalga C.

reinhardtii has recently become attainable through advances in
strain domestication and transgene design, which has led to
many recent reports demonstrating the potential of this alga as
a green cell factory for the bioproduction of many valuable
compounds.27,29−36 In combination with genomically opti-
mized strains and the culture medium designed to yield high-
cell-density photoautotrophic production, the cultivation of C.
reinhardtii at industrially viable scales is now within reach.32,37

As a photosynthetic organism, C. reinhardtii has naturally a
high flux of fixed carbon toward pigment turnover to cope with
fluctuating light conditions, contains a complex carotenoid
biogenesis pathway (including a native ß-carotene hydrox-
ylase), is generally regarded as safe (GRAS),38 and astaxanthin
from the algal biomass has been shown to have a high
bioavailability.19 Recently, C. reinhardtii has been successfully
engineered to produce substantial levels of heterologous
terpenoids at considerable carbon partitioning levels without
growth interference.33 ,39 ,40 These features set C. reinhardtii
apart as a promising chassis for scalable bioproduction of
astaxanthin.
In this study, we demonstrate the first systematic metabolic

engineering of C. reinhardtii to enhance the flux from
precursors into the desired ketocarotenoid astaxanthin. We
employed a combination of native and foreign gene redesign
for their overexpression from the algal nuclear genome. Our
efforts allowed the systematic investigation of carotenoid
pathway limitations, to channel intermediates toward astax-
anthin, and to enhance its final titers while minimizing
intermediate ketocarotenoid accumulation. We designed high-
cell-density cultivations under optimized conditions, which can
permit robust, photoautotrophic astaxanthin production in this
green alga.

■ RESULTS AND DISCUSSION
Astaxanthin Accumulation in C. reinhardtii Does Not

Interfere with Growth but Reduces Cellular Chlorophyll
and Carotenoid Contents. Initial ketocarotenoid biosyn-
thesis was established in C. reinhardtii UVM4 by the expression
of a synthetically optimized CrBKT19 fused directly with an

antibiotic resistance marker (aminoglycoside adenylyltransfer-
ase, aadA, Figure 1A). All recovered transformants exhibited
the colored phenotype previously observed for CrBKT
expression, indicating substantial ketocarotenoid accumulation
in vegetative C. reinhardtii.19,41 Five randomly selected
candidate transformants were isolated for subsequent charac-
terization. It was observed that their growth was comparable to
UVM4 parental strain under mixotrophic conditions (Figure
1B). However, total cellular chlorophyll and carotenoid
contents were reduced by 29 ± 5% and 29 ± 4%, respectively
(Figure 1C), in line with previous observations in C.
reinhardtii28 and tobacco chloroplasts expressing CrBKT.42

The functional expression of CrBKT results in the biosynthesis
of astaxanthin from zeaxanthin, accompanied by the con-
version of ß-carotene into canthaxanthin in C. reinhardtii.16,19

It is likely that altered pigment profiles in thylakoid membranes
interfere with photosystem biogenesis and stability. In
addition, feedback inhibition of ketocarotenoid formation
could reduce cellular pigment levels.43,44 Altered pigmentation
(Figure 1), including reduced chlorophyll contents, can affect
cellular photosynthetic efficiency or light penetration into the
culture. Here, however, no effect on relative growth rates was
observed. Under high-light conditions, the presence of high
ketocarotenoid amounts was shown to increase photosynthetic
parameters such as light-dependent oxygen evolution, relative
electron transport rate, and elevated resistance to photo-
inhibition.28

Non-native pigment accumulation was visualized after 72 h
mixotrophic cultivation via absorbance spectra determination
and thin-layer chromatography (TLC) (Figure 1D,E). In
acetone extracts, endogenous pigments exhibit two main peak
maxima at 433 and 459 nm and absorbance rapidly decreases
from 500 nm onward. CrBKT enzyme activity resulted in an
extended absorbance signal at ∼530 nm for all analyzed
transformants, which represents a simple indicator for
ketocarotenoid accumulation. In TLC, three distinct, red-
orange-colored bands were detected, which were not present in
parental strain UVM4 representing ketocarotenoid products
from CrBKT activity (e.g., astaxanthin, canthaxanthin, as well
as intermediates). HPLC measurements of cellular extracts
confirmed accumulation of approx. 0.8 mg L−1 astaxanthin and
5 mg L−1 canthaxanthin, respectively (Figure 2). Typically,
nuclear transgenes in C. reinhardtii exhibit highly variable
expression rates across a transformant population due to
integration via nonhomologous end joining (NHEJ) into
chromosome positions, which underlay individual aspects of
eukaryotic gene expression regulation. When fused to the
selection marker aadA, all regenerated transformants exhibited
highly comparable colorimetric phenotypes, and little variation
was observed across the tested transformants. These findings
suggest that CrBKT is highly active and is able to function to
maximal capacity across variable expression levels. This
observation suggested that ketocarotenoid production and
cellular astaxanthin accumulation are likely not limited by the
CrBKT enzyme titer as it has been shown for other catalytically
active enzymes in this host. In all strains, astaxanthin was not
the major ketocarotenoid present, and residual ß-carotene
levels were observed in analyzed transformants (Figure 1E, top
bands), likely due to its essential roles in photosystem
architecture, energy transfer, and singlet oxygen quenching.45

Both factors indicate that further investigations of possible
pathway limitations and metabolic engineering would be
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required to channel intermediates toward astaxanthin as a final
product.
Identifying Rate-Limiting Enzymes in Algal Astax-

anthin Biosynthesis. The plastid-located MEP pathway in C.
reinhardtii (Figure 2A) is an exceptional source of sustainable
metabolites33,36,46 and provides abundant precursor GGPP as a
substrate for phytoene, phytyl diphosphate, and solanesyl
diphosphate synthases. The carbon flux through the MEP
pathway is reported to be limited by DXS and GGPPS as key
enzymatic bottlenecks, which can be deregulated in C.
reinhardtii by heterologous overexpression.33,39,47 Sufficient
GGPP levels are essential for phytol tail provision in
chlorophyll biosynthesis and carotenoid production via
phytoene synthase (PSY/crtB) activity, which plays important
roles in light harvesting and protection. Engineered PSY/crtB
overexpression has been reported to result in increased total
carotenoid contents and enhanced photosynthetic capacities in
plants and algae.48−51 In addition, engineered PSY/crtB
activity can induce chromoplast-like plastids differentiation
including global gene expression reprogramming in tobacco.50

Although engineering the precursor supply for carotenoid
production is a common strategy for astaxanthin accumulation
in several organisms,13,48,52 such attempts have not yet been
conducted in C. reinhardtii.
Two competing lycopene cyclases (LCYB and LCYE)

balance the proportion of α- and ß-carotene after the
cyclization of lycopene to contain ε-β or β-ionone-type end
groups, respectively. In plants, flux toward ß-carotene can be
enhanced by LCYB overexpression, which results in increased
biomass, carotenoid contents, and improved stress toler-
ance53−55 partially due to the deregulation of abscisic acid
(ABA) biosynthesis and regulatory feedback effects. Hydrox-
ylation and ketolation steps, involving the ß-carotene
hydroxylase (CHYB) and ß-carotene ketolase (BKT),
complete astaxanthin biosynthesis from ß-carotene.8,9 In C.
reinhardtii, the native expression of a CHYB is required for the
xanthophyll cycle, which plays a key role in energy dissipation
by nonphotochemical quenching.56 CrBKT expression resulted
in increased xanthophyll and reduced chlorophyll a contents in
transformed S. lycopersiucum57,58 and increased high-light and
temperature tolerance in A. thaliana,59 respectively. The
recombinant overexpression of other carotenoid pathway
enzymes has not yet been performed in C. reinhardtii, and in
this study, we investigated their effect in ketocarotenoid
accumulating, CrBKT-expressing transformant (BKT1, Figure
1).
We designed transgene constructs to allow the over-

expression of different potentially rate-limiting enzymes of
the carotenoid biosynthesis pathway in a CrBKT-expressing C.
reinhardtii strain (Figure 2B). Transgene sequences were
derived from the current literature and included the fusion of
target enzymes to a yellow fluorescent protein (YFP, mVenus)
for rapid transformant identification and expression quantifi-
cation in a population of 288 randomly isolated transformants.
The fluorescence intensity was quantified for the 20 best-
performing candidates (Figure 2C), and respective pigment
quantification was performed by HPLC from pooled samples
in technical triplicates (Figure 2D). Astaxanthin titers observed
in most analyzed transformants were comparable to the
CrBKT-expressing parental control strain P1 and resulted in
approx. 0.8 mg L−1 after 72 h of cultivation in mixotrophic
conditions (Figure 2). Yields of other isoprenoid targets have
been improved by subsequent transformations to increase

catalytic enzyme titers in C. reinhardtii.31−33,39,40,60 However,
the production of astaxanthin was not increased by an elevated
copy number of CrBKT-expressing units in double trans-
formants (Figure 2D, +BKT), further confirming the earlier
observation of consistently colored phenotypes across the
transformation population. CrBKT likely has a high turnover
rate, and astaxanthin production in C. reinhardtii is rather
limited by a factor beyond the ketolation capacity of this
enzyme, which encourages further investigation of metabolic
engineering possibilities.
In previous reports, the engineered overexpression of DXS

and GGPPS had a strong effect on heterologous diterpenoid
production in C. reinhardtii but did not alter carotenoid
biosynthesis even when significant amounts of GGPP were
diverted to heterologous products.33,40 As astaxanthin is a
terminal carotenoid, its production may be influenced by rates
of substrate availability derived from isoprenoid precursors for
the carotenoid pathway. Here, the overexpression of either
DXS or GGPP did not change the total carotenoid production
and had no effect on astaxanthin titers in the CrBKT-
expressing line, suggesting that isoprenoid precursor avail-
ability was not a limiting factor in ketocarotenoid accumulation
or its conversion to astaxanthin in C. reinhardtii. The
overexpression of a heterologous phytoene synthase from a
pigmented bacterium (PacrtB) resulted in increased total
carotenoid contents and increased canthaxanthin accumulation
in the CrBKT-expressing strain: 9.3 mg L−1 compared to 5.0
mg L−1 canthaxanthin in the parental control, but was not
accompanied by a higher astaxanthin level (Figure 2D).
Canthaxanthin is derived from ß-carotene by the addition of
keto groups on both terminal rings. The increase of
canthaxanthin, but not astaxanthin, caused by PacrtB
expression indicates that an increased flux toward carotenoids
can be achieved and that the oxidation activity of CrBKT is
sufficient to utilize increased precursor availability. However,
terminal hydroxylation to astaxanthin is still limited.
A 6.2-fold increase of astaxanthin to 5 mg L−1 and a drop in

canthaxanthin levels to 0.7 mg L−1 were observed when
CrCHYB was coexpressed in the CrBKT transformant (Figure
2D). These results suggest that endogenous ß-carotene
hydroxylase activity is a present limitation in astaxanthin
biosynthesis in C. reinhardtii. Previous studies relied on the use
of heterologous ß-carotene hydroxylases,61,62 which were
shown to function in C. reinhardtii. However, our data confirm
the hydroxylase activity of the predicted CrCHYB and
demonstrate its effectiveness to increase astaxanthin accumu-
lation. Endogenous CHYB activity is highly regulated to
balance xanthophyll biogenesis in green microalgae, however,
genetic redesign of the coding sequence enabled effective
CrCHYB deregulation in this study. The strong metabolic
effects observed from the overexpression of either CrCHYB or
PacrtB were also consistent with the relative expression rates of
these transgenes observed by high YFP fluorescence signals
when normalized to optical densities (Figure 2C).
Combinatorial Overexpression of Rate-Limiting En-

zymes. The combinatorial overexpression of CrBKT, PacrtB,
and CrCHYB was achieved by a third transformation of a
CHYB_RFP fusion protein-expressing plasmid with nourseo-
thricin selection in a CrBKT+PacrtB transformant (Figure 3A).
Strains generated from this transformation allowed a
comparison of effects from the expression of CrBKT alone
with double transformants expressing CrBKT+PacrtB and
triple transformants with CrBKT+PacrtB+CrCHYB. Initial
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astaxanthin production by CrBKT expression in C. reinhardtii
UVM4 resulted in 0.81 mg L−1 astaxanthin and 2.9 mg L−1

canthaxanthin after 72 h of mixotrophic cultivation and three
distinctly colored bands in thin-layer chromatography (B1−B3,
Figure 3B). Canthaxanthin levels were slightly reduced
compared to previous experiments (Figure 2D), likely due to
changes in cultivation regimes (Erlenmeyer flasks compared to
24-well microtiter plates) with reduced light availability. Light
intensity strongly affects cellular carotenoid contents in plants
and algae.63−66 The overexpression of PacrtB resulted in a
metabolic push through the carotenoid pathway from
phytoene and a 79% increase in canthaxanthin levels in the
CrBKT background (5.2 mg L−1, Figure 3C). The expression
of CHYB in the CrBKT+PacrtB background led to a reduction
of canthaxanthin to 0.8 mg L−1 and a 7.2-fold increase in
astaxanthin accumulation from 0.81 mg L−1 to 5.82 mg L−1

(Figure 3C), 16% higher compared to CrCHYB expression in
the CrBKT line alone (Figure 2D) under respective conditions.
In TLC, the signal intensities of bands B1 and B2 were
strongly decreased, while the presence of B3 was strongly
increased in this strain, likely representing canthaxanthin or
echinenone and astaxanthin, respectively (Figure 3B).
Our results suggest that PacrtB overexpression can

encourage an increased flux toward ß-carotene, and indicate
that the hydroxylation of ß-carotene as well as canthaxanthin
are limiting steps in astaxanthin biosynthesis in C. reinhardtii.
The initial protein titers produced by CrBKT single transgene
expression were able to act on all intermediates available, and
our work demonstrates higher astaxanthin accumulation when
precursor limitations were removed by PacrtB or CrCHYB
overexpression (Figures 2D, 3). Our findings suggest that
CrBKT has a high turnover rate and that the algal cell has a
high astaxanthin accumulation capacity when hydroxylation
can meet the rate of precursor oxidation.
A comparable coexpression experiment has been previously

performed by heterologously expressing ß-carotene ketolase
and ß-carotene hydroxylase from H. lacustris in C. reinhardtii
CC-849.67 Although it remains elusive why astaxanthin
accumulation was already detected in the wild type in the
respective study, a 34% gravimetric increase was observed for
transformant cell lines. This is in line with our findings and
corroborates the synergistic effect of increased ß-carotene
hydroxylase activity on both zeaxanthin and canthaxanthin.
However, the application of innovative gene design, use of
suitable cell lines and sophisticated metabolic engineering,
outperforms previously reported yields and demonstrates the
great potential of C. reinhardtii as green cell factories.
Phototrophic Cultivation Increases Volumetric Astax-

anthin Accumulation. The cultivation of the triple trans-
formant (CrBKT, PacrtB, CrCHYB) in mixotrophic (TAP)

Figure 3. Gene design and combinatorial engineering for improved
astaxanthin production. Coding sequences were designed to result in
fusion proteins to either the selection marker aadA, the yellow
fluorescence protein (mVenus, YFP), or red fluorescence reporter
(mRuby2, RFP), as well as PSAD-targeting peptide and StrepII-tag.
Transcription was driven by the PSAD promoter and the FXD1
terminator. Transformations using plasmids coding for fluorescence
protein fusion constructs were performed along with a selection
marker expression construct (Paro, NAT). Representative culture

Figure 3. continued

flasks after 120 h of mixotrophic cultivations of UVM4 and respective
transformants are depicted below. (B) Thin-layer chromatography of
acetone extracts from C. reinhardtii UVM4 culture, a BKT-expressing
transformant (BKT), and strains coexpressing either P. ananatis
phytoene desaturase (+crtB) or P. ananatis phytoene desaturase and
C. reinhardtii ß-carotene 3-hydroxylase (+crtB/+CHYB) from
subsequent transformations. (C) Quantification of volumetric
canthaxanthin and astaxanthin production after 72 h of mixotrophic
cultivations. Results represent mean values and standard deviation
from biological triplicates (n = 3).
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and photoautotrophic (T2P) conditions followed a similar,
sigmoidal pattern with a pronounced growth phase from 24 to
48 h post inoculation and a subsequent transition into
stationary growth phase (Figure 4A). Both cultures reached
5.5 × 107 cells mL−1 after 72 h and 2.2 g L−1 and 2.1 g L−1 final
cell dry weight (CDW), respectively. Volumetric production of
astaxanthin increased during the culture growth phase and
resulted in 8.6 ± 0.3 mg L−1 after 72 h for both mixotrophic
and photoautotrophic cultivations. Maximal volumetric
production was achieved in a TAP medium after 120 h with

9.5 ± 0.3 mg L−1 astaxanthin and 1.6 ± 0.3 mg L−1

canthaxanthin. Photoautotrophic cultivation likely suffers
from nitrogen limitation typically associated with pigment
reduction and protein degradation32 and exhibits slightly
reduced astaxanthin contents at later time points. In addition,
established high cell densities limit penetration of light into a
bioreactor, inducing a reduction of total carotenoid contents.
Finally, the prolonged high light application can lead to the
loss of the product by pigment oxidation,68 which characterizes
earlier time points with efficient space/time yields as suitable
for economic production. Specific productivities under applied
cultivation conditions resulted in 4.5 mg g−1 CDW, which is
comparable to values from heterotroph chassis, e.g., 7.8 mg g−1

CDW astaxanthin in E. coli after 60 h of fed-batch
fermentation11 and 3.1 mg g−1 CDW in C. glutamicum after
48 h of batch cultivation.13 Eukaryotic cell membrane
structures and high enzymatic activity of endogenous CrBKT
and CrCHYB in combination with sophisticated genetic tools
are likely factors for successful astaxanthin production in C.
reinhardtii and demonstrate the great biotechnological
potential of eukaryotic microalgae.
High-Light and High-Cell-Density Cultivation. A major

limitation to algal production concepts has previously been the
low volumetric cell densities associated with phototrophic
growth compared to microbial fermentation counterparts.
Recently established high-cell-density cultivations32,69 are
powerful strategies to overcome the generally low cell densities
in microalgal cultivations limiting volumetric product yields.
Here, the application of high-light assists in sufficient energy
provision when light penetration is low. It has also been shown
that short-term high-light application can increase cellular
carotenoid accumulation in algae,65,70,71 and the application of
high-light is combined with high cell density cultivations in this
study. Nitrate utilization capability was restored in an
engineered production strain (CrBKT, PacrtB, and CrCHYB)
by complementation of genomic nitrate reductase (NIT1) and
nitrate assimilation regulatory protein (NIT2), and cultivations
were performed in an airlift photobioreactor using 6xP
medium32 subjected to a constant stream of 3% CO2-enriched
air and to very high light (3,000 μmol photons m−2 s−1). The
astaxanthin-accumulating algal cells were able to tolerate this
extreme high light, reinforcing the role of this pigment in
photoprotection.28 The stationary growth phase was reached at
an optical density of 1.8 after 94 h (Figure 5). Maximal
volumetric astaxanthin production (Figure 5A) was observed
to be 23.5 mg L−1 after 94 h in 6xP medium, which displays
the highest reported non-native ketocarotenoid accumulation
from a green microalga. Volumetric astaxanthin productivity,
correlated with the algal growth phase with a reduction during
the stationary growth phase, resulted in 0.29 mg L−1 h−1 on
average throughout the entire cultivation and peaked between
54 and 56 h sampling points with maximal 1.09 mg L−1 h−1

(Figure 5B). Astaxanthin productivities from H. lacustris have
been reported to range between 0.12 and 15 mg L−1 day−1,72,73

while 2.8 mg L−1 day−1 was achieved in engineered
Synechocystis74 and 37.5 mg L−1 day−1 in engineered yeast
under heterotrophic conditions.75 The volumetric productivity
achieved in this study (25 mg L−1 day−1) solely relies on the
utilization of CO2 as the only carbon source and displays a
competitive and sustainable alternative compared to other
astaxanthin production platforms.
This work identified key enzymatic bottlenecks in

carotenoid biosynthesis in C. reinhardtii and provided

Figure 4. Cultivation of the production strain derived from
transformations with CrBKT, PacrtB, and CrCHYB. (A) Cell counts
during the course of cultivation in mixotrophic conditions (TAP) and
photoautotrophic (T2P) conditions in stirred Erlenmeyer flasks using
350 mL of the culture volume. Both cultures were provided with 5%
(v/v) CO2-enriched air and 500 μmol photons m−2 s−1, which were
increased to 850 μmol photons m−2 s−1 after 72 h. Results represent
mean values and standard deviation from biological triplicates (n = 3).
(B) Volumetric astaxanthin and canthaxanthin contents at indicated
time points during mixotrophic cultivation. Results represent mean
values and standard deviation from biological triplicates (n = 3). (C)
Volumetric astaxanthin and canthaxanthin contents at indicated time
points during photoautotrophic cultivations. Results represent mean
values and standard deviation from biological triplicates (n = 3).
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advanced strategies for repartitioning substantial carbon
toward ketocarotenoid products. The application of potent
genetic engineering strategies in combination with optimized
photoautotrophic cultivation regimes demonstrates the great
potential of C. reinhardtii as a green cell factory.

■ MATERIAL AND METHODS
Genetic Constructs and Plasmid Design. Plasmids were

designed using pOptimized vectors39,76,77 with the following
modifications: all expression elements were placed under the
transcriptional control of the C. reinhardtii PSAD promoter
including the 5′UTR78 and FDX1 terminator29 and carried the
N-terminal PSAD chloroplast transit peptide (CTP).78

The C. reinhardtii BKT (UniProt: Q4VKB4)19 was inserted
at the N-terminus of the aadA-reporter in a pOpt2_MinS
construct (BKT_aadA, Figure 1). The coding sequences of a
Salvia pomifera 1-deoxy-D-xylulose-5-phosphate synthase 2
mutant variant (DXS, NCBI: MH178297), Pantoea ananatis
phytoene synthase (crtB, UniProt: D4GFK9), C. reinhardtii
geranylgeranyl pyrophosphate synthase (GGPPS, UniProt:
A8JHU6), Daucus carota lycopene β cyclase (LCYB, UniProt:
A0A164WPY9), and C. reinhardtii β-carotene 3-hydroxylase
(CHYB, UniProt: Q4VKB5) were redesigned to carry multiple
copies of RBCS2i1 and to match the C. reinhardtii codon
usage, as previously described25 using Intronserter.26 Com-
mercially synthesized coding sequences (Genscript) of CrBKT,
PacrtB, DcLCYB, and CrCHYB were inserted at the N-
terminus of the mVenus reporter construct in
pOpt3_PSAD_mVenus_Paro27(Figure 2). All reporter con-
structs (aadA, mVenus, and mRuby) were redesigned to
contain two copies of RBCS2i1 in suitable insertion sites25 and
to carry a C-terminal RBCS2i2 including a StrepII-tag, as
previously described.27

The CrGGPPS was PCR amplified (Q5 Polymerase, NEB)
according to the manufacturer’s protocol to carry an ochre stop
codon and was inserted at the C-terminus of the mVenus
reporter in pOpt3_PSAD_mVenus_Paro and pOpt3_-
PSAD_crtB_mVenus_Paro to facilitate product channeling,

as previously described (Figure 2).40 CrCHYB was additionally
inserted at the N-terminus of the mRuby2 reporter in a
pOpt3_mRuby_NAT construct carrying the nourseothricin
acetyltransferase resistance gene (Figure 3).79

All cloning was performed by digestions with respective
restriction enzymes (BamHI/BglII or EcoRV/EcoRI, NEB),
followed by DNA extraction after gel electrophoreses
(peqGOLD gel extraction kit, VWR) and ligation (T4 Ligase,
NEB) according to the manufacturer’s protocol. Ligation
products were used for heat shock transformation of
chemically competent DH5a cells and selection on LB agar
plates containing ampicillin (300 mg L−1). Plasmid isolation
was performed using the peqGold plasmid isolation kit (VWR)
according to the manufacturer’s protocol. Sequence identity
was confirmed by Sanger sequencing (Sequencing Core
Facility, CeBiTec, Bielefeld University).

C. reinhardtii Transformation and Selection. Strain C.
reinhardtii UVM480 was routinely maintained at room
temperature on TAP agar plates81 with modified micronutrient
contents82 and cultivated in Erlenmeyer flasks using liquid
media and constant light at 350 μmol photons m−2 s−1.
The nuclear transformation was carried out by glass bead

agitation83 using 10 μg of linearized plasmid DNA (XbaI/
KpnI, NEB), followed by regeneration for 8−16 h at 25 μmol
photons m−2 s−1 prior to plating on TAP agar plates containing
respective antibiotics (200 mg L−1 spectinomycin, 10 mg L−1

paromomycin, or 2.5 mg L−1 nourseothricin). For systematic
comparisons, 288 transformants were isolated from the
regenerated transformant populations. Of these, the best 20
expressing transformants were identified using fluorescence
measurements in a plant imaging system (NightShade LB 985,
Berthold technologies) with appropriate filter sets for mVenus
(excitation: 504 nm, emission: 530 nm) and mRuby2
(excitation: 560 nm, emission: 600 nm). Transformants were
individually cultivated in microtiter plates and pooled samples
were used for pigment quantification.
The best-performing transformant derived from the iterative

transformation of UVM4 with constructs pOpt3_PSAD_BK-
T_aadA, pOpt3_PSAD_crtB_mVenus_Paro, and pOpt3_-

Figure 5. High-cell-density cultivation under very high light of an engineered production strain (CrBKT, PacrtB, CrCHYB, and Nit1/2).
Cultivations were performed using a 6xP medium32 in a Multi-Cultivator MC-1000 (Photon Systems Instruments) at 3000 μmol photons m−2 s−1,
24 °C, and a constant stream of 3% (v/v) CO2-enriched air. (A) Volumetric production and optical density measurements at 720 nm. (B)
Volumetric productivity and optical density measurements at 720 nm. Results represent measurements from two biological replicates (r1, r2).
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PSAD_CHYB_RFP_NAT was directly identified by fluores-
cence microscopy (Leica MZ FLIII, Leica Microsystems) using
appropriate filter sets for mVenus (excitation: 510/20 nm,
emission: 560/40 nm) and mRuby2 (excitation: 545/30 nm,
emission: at 620/60 nm). The nitrate capability of C.
reinhardtii strains was complemented by transformation with
pMN24 and pMN68, as previously described.40

Microalgal Cultivation. Isolated transformants were
cultivated individually in microtiter plates or Erlenmeyer flasks
using a TAP medium without antibiotics on an orbital shaker
(GFL, 30 mm amplitude, 120−180 rpm) and at constant
illumination of 350−500 μmol photons m−2 s−1 at room
temperature. After 72 h, the light intensity was increased to
850 μmol photons m−2 s−1 to provide sufficient illumination.
Cultivations under phototrophic conditions were performed in
stirred Erlenmeyer flasks using 350 mL of a T2P medium,39

and where indicated, a constant stream of 5% (v/v) CO2-
enriched air was applied.
High-light cultivations were performed in a 6xP medium32

using a Multi-Cultivator MC-1000 (Photon Systems Instru-
ments) at 3000 μmol photons m−2 s−1, 24 °C and a constant
stream of 3% (v/v) CO2-enriched air. Growth was
continuously monitored via optical density (OD) measure-
ments at 720 nm.
Cell densities were quantified using a Z2 Particle Counter

(Beckman Coulter Life Sciences) or a Countess II FL
Automated Cell Counter (Thermo Fisher Scientific). The
cell dry weight (CDW) was gravimetrically determined from
5−10 mL of culture pellets after centrifugation at 3000g for 5
min and drying overnight at 105 °C.
Absorbance Spectrum, Pigment Quantification, and

Thin-Layer Chromatography. Absorbance spectra from 350
to 750 nm were recorded for acetone extracts from cell culture
pellets in a NanoDrop One photometer, and total pigments
were determined as previously described.39 Thin-layer
chromatography was performed with concentrated acetone
extracts from cell pellets and separated on silica gel plates
(Nano-ADAMANT 0.2 mm, Macherey and Nagel) using an
appropriate running buffer (89.5% (v/v) petroleum, 10% (v/v)
isopropanol, 0.5% (v/v) water).
High-performance liquid chromatography (HPLC) was

performed as previously described.13 Briefly, an Agilent 1200
series system (Agilent Technologies), equipped with a C18
reverse-phase column (LiChrospher 100 RP18 EC-5, 125 mm
× 4 mm) and a precolumn (LiChrospher 100 RP18 EC-5, 40
mm × 4 mm), was used with a diode array detector measuring
at a wavelength of 470 nm. Carotenoids were separated using a
gradient between 9:1 methanol:water (A) and methanol (B) at
1.5 mL min−1 in gradient: 0 min B: 0%, 10 min B: 100%, 32.5
min B: 100%, and 33 min B: 0%.
High-performance liquid chromatography (HPLC) for

samples from high-light cultivations (Figure 5) was performed
as previously described.19 Briefly, a Jasco Extrema LC-4000
HPLC system and a C18 reverse-phase column (Synergy
Hydro-RP, Phenomenex) were used with an ethyl acetate
gradient (0−100%) in an acetonitrile−water−triethylamine
solution (9:1:0.01) at a flow rate of 1.5 mL min−1. Pigment
detection was conducted with a 350−750 nm diode array
detector. Identification and quantification of chromatogram
signals were compared to commercially available authentic
standards (CaroteNature GmbH, Sigma, Extrasynthese,
VWR).
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