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Abstract
In this study, the correlation between the specific growth rate of Phaeodactylum tricornutum and fucoxanthin (fucoxanthin)
biosynthesis was investigated both in batch and in semi-continuous cultures. Fucoxanthin content from P. tricornutum biomass
showed a positive correlation with specific growth rate during the normal culture period. The maximum yield of fucoxanthin
(2.42mg g−1 dry biomass) was observed at day 5, and the highest specific growth rate (1.91) was observed at day 4, both of which
were during the exponential phase. Upon treatment with growth inhibitors (AZD-8055 or norflurazon) during the exponential
phase, fucoxanthin content decreased with growth rate in a concentration-dependent manner. In a semi-continuous culture of
P. tricornutum with dilution rates from 0.1 to 0.5 day−1, we found a positive correlation between specific growth rate and
fucoxanthin biosynthesis in a steady-state condition. Based on the transcriptome analysis results, different metabolic and key
regulatory genes were active at different growth phases. Particularly, during the exponential growth phase, various genes related
to regulatory mechanisms, such as cell growth and replication, were expressed, whereas in the stationary phase, their expression
was reduced. In the fucoxanthin biosynthesis pathway, 1-deoxy-D-erythritol 2,4-cyclodiphosphate synthase (ISPD) and
violaxanthin deepoxidase (VDE) genes showed higher expression levels in the exponential phase, thus indicating that they are
critical genes for the regulation of fucoxanthin biosynthesis inP. tricornutum. Our results are valuable to our understanding of the
basic mechanism of fucoxanthin biosynthesis, thus providing theoretical guidance for the commercial production of fucoxanthin
derived from P. tricornutum.
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Introduction

Phaeodactylum tricornutum has been used as a model in dia-
tom research. The sequencing of its genome was completed in
2008, and many biotechnological methods have been

developed using this microalga, including genetic transforma-
tion (Niu et al. 2012), gene knockout tools (Madhuri et al.
2019), and CRISPR/Cas9 for gene-targeted mutation (Serif
et al. 2018). Phaeodactylum tricornutum is considered an im-
portant microalgal cell factory for the production of useful
foreign materials, such as antibody proteins, antibiotics, and
medicinal proteins (Desbois et al. 2008; Hempel et al. 2011;
Butler et al. 2020). In the industry, this microalga has been
used as feedstock for marine organisms in the early life stage
(Sørensen et al. 2016). Owing to its high lipid content (20–
30% of dry cell biomass) and fast growth, its potential for
biofuel production has been extensively investigated
(Branco-Vieira et al. 2018). In the food industry,
P. tricornutum has been used as a source of healthy nutritional
substances, such as omega-3 fatty acids, including
docosahexaenoic acid and eicosapentaenoic acid (Xu et al.
2017; Cui et al. 2019). Recently, it has been suggested as a
new source for the commercial production of the marine ca-
rotenoid fucoxanthin (Conceição et al. 2020).
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Fucoxanthin is the most abundant carotenoid in nature,
accounting for more than 10% of the total carotenoid produc-
tion in the ecosystem (Peng et al. 2011). Fucoxanthin has also
been reported to possess numerous biological activities, in-
cluding anticancer, anti-obesity, antidiabetic, antiangiogenic,
antioxidant, and antimalarial (Zarekarizi et al. 2019). Among
these, its anti-obesity effect is well studied. Fucoxanthin prod-
ucts are now commercially available, most of which are de-
rived from Laminaria japonica and Undaria pinnatifida, in
the form of a simple extract. However, it is economically
difficult to isolate high-purity fucoxanthin from this species,
thus limiting its application in the food and cosmetic industries
(Dai and Kim 2016). Microalgae, including Isochrysis aff.
galbana, Nitzschia laevis, Odontella aurita, Chaetoceros
gracilis, and P. tricornutum, are emerging as new sources
for fucoxanthin production as their fucoxanthin concentra-
tions are at least 10 times more than those of macroalgae (w/
w). In addition, several industrial processes to isolate high-
purity fucoxanthin in these species have been developed
(Kim et al. 2012; Zarekarizi et al. 2019). Among these species,
P. tricornutum has been extensively investigated as
fucoxanthin-producing biomass, and its standardized extract
containing fucoxanthin, has been developed for functional
food (Kim et al. 2012; Koo et al. 2019).

To produce P. tricornutum biomass, various studies have
been conducted using different cultivation systems, such as
open (raceway) ponds and photobioreactors (tubular, column,
and flat-panel types). In addition to the cultivation systems,
cultivation conditions (photoautotrophic, heterotrophic,
mixotrophic, and photoheterotrophic cultivation), environ-
mental factors (light, CO2 concentration, and nutrients), and
the culture method (batch, semi-continuous, and continuous
culture) have been explored to understand the physiology of
microalgae growth and determine the best condition for its
production (Vuppaladadiyam et al. 2018; Guler et al. 2019).
In the culture of microalgae, growth rate is one of the most
important parameters affecting biomass production.
Particularly in microorganisms, the specific growth rate
(SGR; the number of divisions per cell per unit time) is a
key parameter to evaluate culture growth (Pérez et al. 2008).
Generally, the growth of bacteria or other microorganisms,
such as protozoa, yeasts, and microalgae, follows a sigmoidal
growth curve with four phases (i.e., lag, exponential, station-
ary, and death phase), and the maximum SGR occurs in the
exponential phase (Rodríguez-León et al. 2018). In several
studies of microalgae culture, the results of the growth kinetic
model are expressed in SGR and this is used to explain the
effect of various environmental or nutritional factors, or the
correlation between the growth rate and various parameters
(Li et al. 2014; Li et al. 2017). In particular, many studies have
shown the negative correlation between lipid metabolism and
microalgal growth. In fucoxanthin-producingmicroalgae such
as I. galbana and P. tricornutum, the carotenoid or

fucoxanthin contents were analyzed according to the growth
phases, which have different SGRs, and different levels of
these compounds were detected (Gómez-Loredo et al. 2016).
Thus, fucoxanthin biosynthesis might be correlated with SGR
in the culture period, but there have been no studies focusing
on the correlation between fucoxanthin biosynthesis and the
SGR in the fucoxanthin-producing microalgae.

In this study, the correlation between the SGR and fu-
coxanthin biosynthesis in P. tricornutum was investigated
to understand fucoxanthin biosynthesis during culture and
determine the optimal culture conditions based on SGR
regulation for biomass production. We found a positive
relationship between the SGR of P. tricornutum and the
fucoxanthin content of the biomass in batch culture. This
relationship was further confirmed after treatment of the
culture with a growth inhibitor and through semi-
continuous culture at different dilution rates. In addition,
transcriptome sequencing of P. tricornutum was performed
to identify the key genes involved in the regulation of fu-
coxanthin biosynthesis.

Materials and methods

Materials and reagents

ATP competitive mTOR kinase inhibitor (AZD-8055),
norflurazon, and fucoxanthin analytical standards were from
Sigma-Aldrich (USA). Methanol and water used for high-
performance liquid chromatography (HPLC) analysis and eth-
anol for extraction were purchased from Daejung Chemicals
&Metals (Korea). The F/2 mediumwas prepared as described
previously (Guillard 1975).

P. tricornutum strain and culture conditions

Phaeodactylum tricornutum UTEX 646 was obtained from
the University of Texas collection (https://utex.org/, USA).
In the normal batch culture, P. tricornutum was grown in 2
L of sterile, natural seawater enriched with the F/2 medi-
um, incubated at 20 ± 1 °C under a continuous 40 W cool
fluorescent lamp (150 μmol photons m−2 s−1), and aerated
with 0.03% (v/v air) CO2. A semi-continuous subculture in
a 2-L photobioreactor was started on day 9, and new me-
dium was added to the culture daily after harvesting the
same volume of the “old” culture solution according to
the dilution rate. Dilution rate was defined as the ratio of
the volume of the new medium added to the whole culture
volume and ranged from 0.1 to 0.5. The semi-continuous
culture was maintained for 11 days after the start of the
experiment.
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Treatment by growth inhibitors

AZD-8055 and norflurazon were added to the culture solution
under normal conditions on day 3. The stock solution was
prepared by dissolving the inhibitor in ethanol and passing it
through a 0.4-μm Millipore filter. The AZD-8055 solution
was added to the culture at final concentrations of 10, 20,
and 50 μM. Norflurazon was administered at final concentra-
tions of 0.1, 0.5, and 2.0 μM. Cell concentration and SGR
were measured daily, and fucoxanthin content was analyzed
during the exponential (day 4) and stationary (day 10) growth
phases.

Measurement of cell concentration and specific
growth rate

The number of P. tricornutum cells was counted daily using a
light microscope and a hemocytometer. The daily SGR (μ) of
P. tricornutum during the culture period was calculated as
follows:

μ ¼ In N2=N1ð Þ
t2−t1

where N1 and N2 are the cell concentrations at the beginning
and end of the experiment, respectively, with 1-day intervals
(t2 − t1).

Fucoxanthin analysis

Culture solution (10 mL) was collected and centrifuged for
10 min at 3950×g. The supernatant was discarded, and the
microalgal biomass was freeze-dried for 2 days. Then, 10
mL ethanol was added to the dried biomass and fucoxanthin
was extracted by sonication (model UCP-10, 300 W, 40 kHz,
JEIO Technology, Korea) for 1 h at 24–30 °C. The superna-
tant (1 mL) was filtered through a 0.22-μm syringe filter for
use in HPLC analysis. An Agilent 1200 HPLC system
(Agilent Technologies, USA) consisting of a G1312A binary
pump, a G1367B auto sampler, a G1315D PDA detector, and
a G1316A column oven was used for fucoxanthin quantifica-
tion. The mobile phase, i.e., methanol and water, was eluted at
a flow rate of 0.7 mL min−1 at 35 °C. The YMC carotenoid
column (250 mm length × 4.6 mm i.d.; 5-μm particle size;
Waters, USA) was used for separation under the following
gradient program: methanol was increased from 90 to 100%
for 20 min, held maintained at 100% for the next 5 min,
decreased to 90% for 5 min, and then held at 90% for 5 min.
The sample solution (10 μL) was injected, and the chromato-
gram was recorded at 445 nm. Fucoxanthin was quantified
based on a calibration curve in the concentration range 0.5–
50 μg mL−1.

Transcriptome sequencing

Phaeodactylum tricornutum cells were harvested during the
exponential (day 4; D4) and stationary (day 14; D14) growth
phases under normal culture conditions. They were washed
with the distilled water and centrifuged. The cell pellets were
frozen at − 80 °C for 24 h. Then, the frozen cell pellets were
ground using liquid nitrogen and total RNA was extracted
using a Qiagen Plant RNeasy Mini kit (Qiagen, Germany)
according to the manufacturer’s instructions. RNA concentra-
tion and purity were measured using a NanoDrop ND-1000
UV/Vis spectrophotometer (Thermo Fisher Scientific, USA).
The cDNAs were synthesized and amplified from the purified
RNA to generate the libraries according to the Illumina RNA-
Seq protocol. The libraries were sequenced using Illumina
HiSeq 2000 according to the manufacturer’s instructions.
The sequencing results were pre-processed using the
DynamicTrim and LengthSort programs from the SolexaQA
package. Gene expression was given as the total number of
sequencing reads analyzed by the HTseq software after map-
ping using HISAT2 and normalized using the DESeq library.
Raw and processed data in the form of sequence reads and
assembled transcriptomes were deposited in GenBank under
the accession numbers BioProject PRJNA625589 (tran-
scriptome assembly) and SAMN14641819~24 (sequence
read archive).

Transcriptome data analysis

The s e qu en c e i n f o rma t i o n o f P . t r i c o r nu t um
(GCF_000150955.2_ASM15095v2_genomic.fan) obtained
from the NCBI database was used as the reference sequence
for gene annotation. Gene annotation was based on the refer-
ence sequence, the amino acid sequence from the NR
(Stramenopiles) database of the NCBI, and the BLASTX re-
sult with e-value ≤ 1e-10. Differentially expressed genes
(DEGs) were selected using the 2-fold change and binomial
test methods with p value ≤ 0.1. Gene ontology of DEGs was
performed by alignment with a p value ≤ 0.05 and classified
into BP (biological process), CC (cellular component), and
MF (molecular function) according to the functional category.
DEG levels related to terpenoid and carotenoid biosynthetic
pathways were selected using the TBLASTN tool with an e-
value ≤ 1e-10. The metabolic pathway analysis of the DEGs
was performed using the KEGG (http://www.genome.jp/
kegg) database (Kanehisa and Goto 2000).

Statistical analysis

Data are expressed as the means ± standard deviation based on
triplicate experiments. Statistical analysis was performed
using IBM SPSS Software Statistics v20 (IBM, USA).
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Data were analyzed using one-sided t test or two-way
ANOVA, followed by Tukey’s multiple comparisons test. P
values ≤ 0.05 or ≤ 0.01 were considered significant.

Results

Specific growth rate and fucoxanthin biosynthesis
under normal culture conditions

Figure 1 a shows the growth curve of P. tricornutum and its
daily SGR under normal culture conditions. Its growth follows
a sigmoidal curve, reaching the stationary phase at day 7. The
daily SGR increased steeply until the exponential phase (day
4) and gradually decreased, achieving a maximum SGR of
1.91 day−1. The fucoxanthin content ranged from 1.13 to
2.42 mg g−1 dry biomass (Fig. 1b) and had a quite similar
trend as SGR. Fucoxanthin content increased until day 5 and

gradually decreased thereafter. Thus, these findings indicate
that the SGR of P. tricornutum is positively correlated with
fucoxanthin biosynthesis.

Effect of growth inhibitors on fucoxanthin
biosynthesis

To further investigate the correlation between SGR and fuco-
xanthin biosynthesis in P. tricornutum, growth inhibitors, ei-
ther AZD-8055 or norflurazon, were added to cultures on day
3 at a range of concentrations (AZD-8055, 10–50 μM;
norflurazon, 0.1–2.0 μM). Subsequently, the cell count and
SGR were examined daily, and fucoxanthin content was de-
termined on days 4 and 10.

As shown in Fig. 2a, the growth of P. tricornutum
decreased when the concentration of the growth inhibi-
tor was increased. Growth inhibition was seen just after
inhibitor treatment, and different SGRs could be

Fig. 1 a Cell concentration,
specific growth rate, and b
fucoxanthin content of
Phaeodactylum tricornutum
under normal culture conditions.
Error bars represent standard
deviation from three independent
replicates
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determined from day 4. From day 4, the SGR showed a
decreasing trend as the concentration of inhibitors was
increased, and by day 10, SGR was at the minimum
(Fig. 2b). This result indicates that the SGR during
the exponential phase could be changed by growth in-
hibitors. At these points, fucoxanthin content was ana-
lyzed, and Fig. 2c shows that it decreased as SGR de-
creased at day 4, and at day 10, fucoxanthin content
was also at the minimum. From these results, we can
confirm the positive correlation between the SGR and
fucoxanthin biosynthesis in P. tricornutum.

Specific growth rate and fucoxanthin biosynthesis
under semi-continuous culture conditions

As a production system for microalgae, the semi-continuous
culture has several benefits over batch culture, such as higher
automation, easier to scale up, high volumetric biomass pro-
ductivity, and no time lost to the preparation of fresh culture
systems (Zhu 2015). In this study, semi-continuous culture
was applied to P. tricornutum biomass production. The dilu-
tion rate, which is the proportion of new medium used to
intermittently replenish the culture solution, was varied from

Fig. 2 Effect of AZD-8055 and
norflurazon on a cell concentra-
tion, b specific growth rate, and c
fucoxanthin content of
Phaeodactylum tricornutum. The
specific growth rate and fucoxan-
thin content were analyzed at days
4 and 10 from P. tricornutum
cultures treated with growth in-
hibitors under normal culture
conditions. Error bars represent
standard deviation from three in-
dependent replicates. ** indicates
a significant difference with con-
trol at p ≤ 0.01. ND means not
detected
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0.1 to 0.5, with a 1-day interval. The semi-continuous culture
of P. tricornutum was started from day 9 and was maintained
for 11 days thereafter. SGR and fucoxanthin were measured
daily during steady-state conditions (days 10–20).

As shown in Fig. 3a, a steady state was established in the
culture after day 10 and the average cell concentration was
reduced as dilution rate was increased. The average daily SGR
ranged from 0.1 to 0.8 and showed a positive correlation with
the dilution rate (Fig. 3b), indicating that the growth rate of

P. tricornutum is proportional to the dilution rate in a semi-
continuous culture. Daily biomass productivity, based on the
daily harvest volume and cell concentration, increased at
higher dilution rates (Fig. 3c). Interestingly, fucoxanthin bio-
synthesis was decreased when dilution rate was decreased
from 0.5 to 0.1 (Fig. 3d). When the dilution rate was 0.5, the
fucoxanthin amount remained almost the same as that during
the start of continuous culture. However, when the dilution
rate was 0.1, fucoxanthin serially decreased to the basal levels

Fig. 3 Semi-continuous cultures
of P. tricornutum. A semi-
continuous culture was started
from day 9 with a cell counts
having different dilution rates. b
The specific growth rate, c daily
cell productivity, and d fucoxan-
thin content were analyzed based
on the dilution rate. Error bars
represent standard deviation from
three independent replicates.
Different letters indicate signifi-
cant differences at p ≤ 0.05
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at the end of the continuous culture period. From these results,
we confirmed that fucoxanthin biosynthesis is highly correlat-
ed with the SGR of P. tricornutum (Fig. 3d).

Transcriptome analysis of P. tricornutum

Illumina HiSeqX RNA sequencing was carried out in order to
examine the gene expression profile and to identify the regu-
lation mechanisms of fucoxanthin biosynthesis during the ex-
ponential (day 4, D4) and stationary phase (day 14, D14) of
P. tricornutum under normal culture conditions. Fucoxanthin
biosynthesis might be differently regulated by the large differ-
ence in SGR in these two growth phases. Table S1 summa-
rizes the results of transcriptome sequencing. The number and
the volcano plots of the up- and downregulated genes in the
exponential phase in comparison with those in the stationary
phase are shown in Fig. S1. Among the 10,145 unigenes an-
notated with functional description, 1689 were twofold upreg-
ulated and 1993 were twofold downregulated; these data are
shown as the differences in the average log2 expression (Fig.
S1a). These up- or downregulated genes are displayed in a
volcano plot, with a statistical value of p < 0.05 (Fig. S1b).
Based on sequence homology, these unigenes were classified
into three Gene Ontology (GO) categories, namely BP, MF,
and CC (Fig. 4). In the exponential growth phase, 1627 genes
were assigned to BP (72.25 %), 611 to MF (27.13 %), and
only 14 to CC (0.13 %). Among the unigenes in the BP group,
biological regulation proteins were the most abundantly
encoded (293 genes). However, in the stationary phase, only
179 genes related to BP were upregulated (6.12 %), and the
other two groups were upregulated similarly (1431 genes for
CC, 49.92 %; 1315 for MF, 44.96 %). Thus, this indicates that
many genes related to regulatory mechanisms were expressed
during the exponential growth phase, and their expression was
reduced during the stationary phase. This result was con-
firmed by the KEGG classification of DEGs (Fig. 5). In the
exponential growth phase, the replication and repair groups,
which are highly related to cell growth, included more DEGs
than those in the stationary growth phase. However, DEGs
related to lipid, carbohydrate, and energy metabolism were
more abundant in the stationary phase (Fig. 5a). In particular,
DEGs related to various lipid metabolisms were more abun-
dant in the stationary phase (Fig. 5b). There have been several
reports of a negative correlation between lipid production and
cell growth in P. tricornutum (Bauer et al. 2019). This was
also seen in our study, by transcriptome sequencing in two
different growth phases with different SGRs.

The relative expression of genes involved in the fucoxan-
thin biosynthetic pathway is shown in Fig. 6 as analyzed using
KEGG. Generally, most genes were highly expressed during
the exponential growth phase compared with the stationary
growth phase. In particular, in the upstream step of the MEP
(2-C-methyl-D-erythritol 4-phosphate) pathway, which uses

the substrates pyruvate and glyceraldehyde 3-phosphate to
generate IPP (isopentenyl diphosphate) and DMAPP
(dimethylallyl diphosphate) in 7 steps, the ISPD (1-deoxy-D-
erythritol 2,4-cyclodiphosphate synthase) gene showed the
highest difference (among 7 genes) in expression level be-
tween the two growth phases. In the downstream step, the
VDE (violaxanthin deepoxidase) gene was the most highly
expressed in the exponential phase.

Discussion

In this study, we demonstrated the correlation between fuco-
xanthin biosynthesis and the SGR of P. tricornutum using
batch (Figs. 1 and 2) and semi-continuous culture production
(Fig. 3). Fucoxanthin biosynthesis of P. tricornutum was in-
creased along with SGR. Thus, the maximum level of fuco-
xanthin biosynthesis occurred in mid-exponential phase (Fig.
1b), which had the highest SGR in the batch culture. In semi-
continuous culture, this was achieved at 0.5 dilution rate,
which had the highest daily average SGR (Fig. 3c).
Microalgae are important as lipid producers for bioethanol
and omega-3 fatty acids. Thus, numerous studies have inves-
tigated the correlation between microalgal growth and lipid
metabolism. In these reports, lipid metabolism was generally
negatively correlated with microalgal growth (Xin et al. 2011;
Conceição et al. 2020). However, there are only a few studies
on the relationship between microalgal growth and pigment
biosynthesis (Saoudi-Helis et al. 1994; Yi et al. 2019). In
particular, in microalgae-producing fucoxanthin, only a few
studies have been conducted to investigate the fucoxanthin
content based on the growth phase. In I. galbana and
P. tricornutum, their carotenoid or fucoxanthin contents were
higher in the exponential phase than in the stationary phase
(Gómez-Loredo et al. 2016). However, this study did not fo-
cus on the correlation between SGR and fucoxanthin biosyn-
thesis. Thus, to the best of our knowledge, this is the first study
to report on the correlation between fucoxanthin biosynthesis
and SGR in P. tricornutum. Here, two growth inhibitors
(AZD-8055 and norf lurazon) were added to the
P. tricornutum culture to change the SGR (Fig. 2).
Fucoxanthin biosynthesis in the exponential and stationary
phases was also changed based on the SGR decrease induced
by the increasing concentration of the two inhibitors (Fig.
2b, c). These inhibitor experiments further supported the pos-
itive correlation between fucoxanthin biosynthesis and the
SGR of P. tricornutum. Meanwhile, the decreasing trend in
fucoxanthin contents during the stationary phase was slightly
different between the two inhibitor treatments. In Fig. 2c, at
day 10, fucoxanthin content was reduced to the minimum after
treatment with either inhibitor. However, fucoxanthin content
was serially decreased to almost zero by increased norflurazon
concentration, whereas it was maintained at the minimum in
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the AZD-8055-treated groups. Although AZD-8055 and
norflurazon are both growth inhibitors that act on plants and
microalgae, their inhibition mechanisms are quite different.
On the one hand, AZD-8055 is a specific inhibitor of the target
of rapamycin (TOR) kinase, which is important for cell
growth, proliferation, metabolism, and angiogenesis
(Imamura et al. 2016). Thus, this inhibitor is known to inhibit
cell proliferation in P. tricornutum in a dose-dependent

manner (Prioretti et al. 2017). On the other hand, norflurazon
is a herbicide that blocks chloroplast biogenesis by inhibiting
carotenoid synthesis via the enzyme phytoene desaturase
(PDS) (Undabeytia et al. 2000; Taparia et al. 2019). This
inhibitor works on plants and various microalgae, including
P. tricornutum, Haematococcus pluvialis, and Chlorella
zofingiensis (Steinbrenner and Sandmann 2006; Liu et al.
2010; Prioretti et al. 2017). Thus, their varying results on

Fig. 4 Gene Ontology (GO) an-
notation of the differentially
expressed genes (DEGs) from
P. tricornutum at day 4 (D4, ex-
ponential phase) and day 14
(D14, stationary phase), under
normal culture conditions. a
Upregulated genes and b down-
regulated genes at D4 were clas-
sified into three functional cate-
gories, namely molecular func-
tion (MP), cellular component
(CP), and biological processes
(BP)
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inhibiting fucoxanthin biosynthesis during the stationary
phase may be due to their different inhibition mechanisms.

There have been a few studies on the semi-continuous cul-
ture of P. tricornutum. Cerón-García et al. (2013) compared
the semi-continuous culture and the fed-batch culture in
mixotrophic conditions. The optimal dilution rate and nutrient
concentration for the production of P. tricornutum have also
been examined in a semi-continuous culture system (Fabregas
et al. 1996) (Wang et al. 2018). However, the correlations
among fucoxanthin biosynthesis, SGR, and dilution rate have
not yet been investigated until now. In particular, the strategy
for producing valuable components can be different from that
for biomass production.

Based on our results a fast growth rate should be main-
tained to obtain the maximum fucoxanthin and biomass con-
tents. However, sometimes, biomass production and compo-
nent production are not proportional to the growth rate; for

example, lipid production is inversely correlated with the
growth rate of microalgae. Thus, understanding the relation-
ship between fucoxanthin biosynthesis and the growth rate of
P. tricornutum is important to maximize fucoxanthin produc-
tion in various culture systems. In continuous culture, a 1-day
interval was used to replenish the medium (Fig. 3a) and a
steady state of culture was established with decreased cell
concentration along with dilution rate. However, at a dilution
rate of 0.5, when enough time (for example, 2–3 days) passes
to reach the maximum cell concentration before the addition
of the new medium, P. tricornutum biomass productivity
might increase, thus maintaining high fucoxanthin levels dur-
ing semi-continuous culture. The time to reach maximum cell
concentration would be different with culture volume.
Therefore, more optimization studies should be conducted to
maximize the production of biomass and fucoxanthin from
P. tricornutum.

Fig. 5 KEGG pathway
classifications of the differentially
expressed genes (DEGs) from
P. tricornutum at day 4 (D4, ex-
ponential phase) and day 14
(D14, stationary phase) under
normal culture conditions.
Among the DEGs related to lipid
metabolism, more genes were
downregulated than upregulated
in a major classification of the
KEGG pathway and b subclassi-
fication of lipid metabolism
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In addition, the optimal harvest time of P. tricornutum bio-
mass for fucoxanthin production would be different in fed-
batch and semi-continuous cultures. In the fed-batch culture,
the end of the exponential phase (days 5–6 in this study) is the
optimal harvest time because the highest fucoxanthin content
and cell concentration were achieved here. Meanwhile, in the
semi-continuous culture, the dilution rate should be main-
tained at 0.5 because the highest cell productivity with higher
fucoxanthin content (Fig. 3c, d). As mentioned above, the
biomass of P. tricornutum can be harvested at the maximum
cell concentration after the replenishment of the medium with
2–3-day interval.

From Illumina HiSeqX RNA sequencing of P. tricornutum
in the exponential and stationary phase under normal culture
condition, it was confirmed that many genes related to regu-
latory mechanism were expressed more in the exponential
phase compared to the stationary phase (Fig. 4a). Especially,
among the DEGs, the genes belonged to the replication and
repair group, which is highly related to cell growth, were more
abundant in the exponential phase (Fig. 5a). Thus, we specu-
late that the positive correlation between fucoxanthin biosyn-
thesis and the SGR during culture was associated with regu-
latory mechanisms related to cell growth. In algae, fucoxan-
thin functions as an antenna pigment in the thylakoid mem-
brane. Fucoxanthin and chlorophyll comprise light-harvesting
complexes that transfer energy to the photosynthetic electron
transport chain and offer protection against excess light
(Petrushkina et al. 2017; Zarekarizi et al. 2019). In other
words, fucoxanthin biosynthesis in microalgae is closer to
primary metabolic process, unlike in higher organisms such
as plants, in which carotenoid biosynthesis belongs to second-
ary metabolism. Thus, fucoxanthin biosynthesis might be reg-
ulated together with the cell growth inP. tricornutum, and that
is why fucoxanthin biosynthesis is positively correlated with
SGR in P. tricornutum.

Several key regulatory genes involved in fucoxanthin bio-
synthesis have been suggested in microalgae. In the MEP

pathway, 1-deoxy-D-xylulose 5-phosphate synthase (DXS) is
the first enzyme and considered a key enzyme for the rate-
limiting step in the regulation of this pathway (Yang and Wei
2020). In addition, PSY (phytone synthase) found in all pho-
tosynthetic organisms is often considered a rate-limiting en-
zyme in the carotenoid biosynthetic pathway. Thus, these two
enzymes are targets for metabolic engineering of the caroten-
oid biosynthetic pathway in many organisms, even in
P. tricornutum. Eilers et al. (2016) have reported that the
transformation of these two genes in the P. tricornutum ge-
nome increased fucoxanthin biosynthesis by 1.8- to 2.4-fold.

Here (Fig. 6), DXS was similarly expressed in both growth
phases, but PSY was more significantly expressed in the ex-
ponential phase. However, ISPD and VDE showed greater
increases in gene expression in the exponential phase than
DXS and PSY, indicating that ISPD and VDE may be key
genes in the regulation of fucoxanthin biosynthesis, according
to the cell growth rate. Among the DEGs, 35 genes were
assigned as transcription factors (Fig. S2). Among them, the
heat shock protein (HSF) family was the largest group (18
genes), followed by the MYB (DNA-binding domain) family
(8 genes). In a previous study, transcription factors were pre-
dicted from the genome sequence of 7 microalgae (Thiriet-
Rupert et al. 2016). Unlike other microalgae, P. tricornutum
possesses a higher number of transcription factors belonging
to the HSF (67 genes, 34.18%) andMYB (27 genes, 13.77%)
families. Our results were similar to those previously reported.
In addition to these two families, we identified transcription
factors of the bZIP (basic leucine zipper), C-Myb R2R3 (cel-
lular MYB R2R3), C2H2-ZF (C2H2 Zinc finger protein),
homeodomain, transcription initiation factor TFIID subunit),
and WDR (WD40 repeat protein) groups as DEGs. Among
them, the transcription factor (XM_002180741.1) belonging
to C-Myb R2R3 showed the largest difference in gene expres-
sion in the exponential phase. Further studies are required to
assess the relationship between this transcription factor and
fucoxanthin biosynthesis.

Conclusion

In this study, a positive correlation between fucoxanthin bio-
synthesis and the SGR of P. tricornutumwas demonstrated by
three different culture conditions: normal, inhibited, and semi-
continuous culture. The maximum fucoxanthin content in the
normal culture was achieved during the exponential phase, in
which the growth rate of cells increased gradually. In the semi-
continuous culture, high level of fucoxanthin was maintained
with high dilution rate, which promoted higher cell growth
rate. Thus, we speculate that fucoxanthin biosynthesis is high-
ly related with the growth rate of P. tricornutum. From the
results of transcriptome analysis, in the exponential and sta-
tionary growth phases, fucoxanthin biosynthesis is closely

�Fig. 6 Heatmap of genes related to the fucoxanthin biosynthesis pathway
expressed between D4 and D14. Colors indicate the expression levels at
D4 compared with D14 and expressed as log2 fold change. DXS, 1-
deoxy-D-xylulose 5-phosphate synthase; DXR, 1-deoxy-D-erythritol
2,4-cyclodiphosphate synthase; ISPD, 2-C-methyl-D-erythritol 4-
phosphate cytidylyltransferase; CMK, 4-diphosphocytidyl-2c-methyl-D-
erythritol kinase; ISPF, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase; HDS, 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate syn-
thase; HDR, hydroxymethylbutenyl diphosphate reductase; GGPS,
farnesyltranstransferase; PSY, phytoene synthase; PDS, phytoene
desaturase; Z-ISO, zeta-carotene isomerase; ZDS, ζ-carotene desaturase;
CRTISO, carotenoid isomerase; carotene 7,8-desaturase; LCYE, lyco-
pene ε-cyclase; LCYB, lycopene β-cyclase; BCH, β-carotene hydroxy-
lase; LUT1, ε-ring hydroxylase; BCH, β-carotene hydroxylase; VDE,
violaxanthin deepoxidase; ZEP, zeaxamthin eposidase; NXS, neoxanthin
synthase; CYP707A, carotene ε-hydroxylase
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related to cell growth metabolism, rather than lipid and carbo-
hydrate metabolism, and ISPD and VDE are suggested as key
regulatory genes for fucoxanthin biosynthesis during the ex-
ponential phase. These results provide valuable information
for the increased understanding of fucoxanthin biosynthetic
metabolism and for the commercial production of functional
ingredients from P. tricornutum.
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