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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Random mutagenesis coupled with 
FACS as powerful tool for strain 
improvement. 

• Norflurazon-resistant mutants showed 
increase in carotenoids and EPA over 
WT. 

• Expression of six carotenogenic genes 
was upregulated in mutants. 

• Mutants showed carotenoid and EPA 
contents of 10.2 and 4.4 mg g− 1 DW, 
respectively. 

• Increase in carotenoids and EPA might 
have improved survival under stress.  
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A B S T R A C T   

In this study, two carotenoid-rich strains of the euryhaline microalga Tetraselmis striata CTP4 were isolated by 
random mutagenesis combined with selection via fluorescence activated cell sorting and growth on norflurazon. 
Both strains, ED5 and B11, showed an up to 1.5-fold increase in carotenoid contents as compared with the 
wildtype, independent of the growth conditions. More specifically, violaxanthin, β-carotene and lutein contents 
reached as high as 1.63, 4.20 and 3.81 mg g− 1 DW, respectively. Genes coding for phytoene synthase, phytoene 
desaturase, lycopene-β-cyclase and ε-ring hydroxylase involved in carotenoid biosynthesis were found to be 
upregulated in ED5 and B11 cells as compared to the wildtype. Both strains showed higher contents of eicosa
pentaenoic acid as compared with those of the wildtype, reaching up to 4.41 and 2.88 mg g− 1 DW, respectively. 
Overall, these results highlight the complexity of changes in carotenoid biosynthesis regulation that are required 
to improve pigment contents in microalgae.   
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1. Introduction 

Microalgae are alternative biological feedstocks rich in proteins, 
carbohydrates, and lipids, containing bioactive high-value compounds 
such as carotenoids and essential fatty acids. Unlike traditional food 
crops, microalgae display higher productivities and can grow on non- 
arable land using non-potable water. Recently, high attention has 
been paid to microalgae rich in carotenoids and n-3 fatty acids, due to 
their applications in the food, feed, pharmaceutic, nutraceutical and 
cosmetic industries (Nethravathy et al., 2019). The simultaneous pro
duction of several high-value compounds has the potential to decrease 
production costs and to facilitate the application of the biorefinery 
concept to microalgal biomass for the manufacture of products with 
enhanced appeal to stakeholders and consumers alike. 

Fatty acids are the major components of lipids, which can be divided 
into polar and non-polar lipids such as triacyclglycerols (TAGs) (Gus
china and Harwood, 2013). While TAGs are predominantly composed of 
saturated fatty acids, polar lipids are structural components of mem
branes and usually contain high amounts of polyunsaturated fatty acids 
(PUFA), which play an important role in several defense and signaling 
mechanisms (Okuyama et al., 2008). For example, under stress condi
tions, PUFA, e.g., eicosapentaenoic acid (EPA), remove reactive oxygen 
species (ROS) and thus prevent oxidative stress-induced cell damage. 
Carotenoids are lipophilic isoprenoid biomolecules and can be divided 
into two classes, namely carotenes and xanthophylls. The carotenoid 
biosynthesis in microalgae occurs in the chloroplast and has been 
explained in detail previously (Mulders et al., 2014; Varela et al., 2015). 
Briefly, the first carotenoid phytoene results from the condensation of 
two geranylgeranyl pyrophosphates (GGPP) catalyzed by phytoene 
synthase (PSY). The following reaction is catalyzed by phytoene desa
turase (PDS) leading to lycopene, the branch point of the synthesis. 
Either β-carotene or α-carotene are synthesized from lycopene depend
ing on the activities of lycopene β- and ε-cyclases (LCYB and LCYE, 
respectively). The hydroxylation of β-carotene catalyzed by the β-caro
tene hydroxylase (CHYB) gives rise to the xanthophylls of the viola
xanthin cycle. Different types of hydroxylases, namely β-ring 
hydroxylase CYP97A5 and ε-ring hydroxylase CYP97C3 catalyze the 
stepwise synthesis of lutein from α-carotene (Kim and DellaPenna, 
2006). In the microalgal cell, carotenoids play essential roles in photo
synthesis, in light harvesting and energy transfer, as well as in photo
protection by dissipating excess energy as heat, thus preventing 
photooxidative damage (Mulders et al., 2014). Moreover, xanthophylls 
such as zeaxanthin are structural components of membranes and may 
affect the fluidity of the lipid bilayer (Varela et al., 2015). The produc
tion of PUFA and carotenoids is not only highly species-dependent but 
also depends on environmental conditions such as light intensity and 
temperature. These conditions are known to influence the carotenoid 
and fatty acid composition in the cell due to changes in enzyme activity, 
gene expression and other physiological processes (Zhao et al., 2019). 

In several attempts at genetic engineering of microalgae to enhance 
carotenoid and lipid production, one or several biosynthetic genes have 
been overexpressed, leading to inconsistent results concerning higher 
carotenoid or lipid levels (Gimpel et al., 2015). This lack of success is 
most probably due to the existence of several interdependent, rate- 
limiting enzymatic steps in these complex pathways. Furthermore, 
specific transformation tools need to be generated for each particular 
strain, limiting the application of genetic engineering to microalgae. 
Alternatively, random mutagenesis has been widely used to generate 
improved strains, a method that does not require prior knowledge of 
biosynthetic pathways, because no heterologous DNA is introduced in 
the cell to target specific sequences of the wildtype genome. The com
bination of mutagenesis with a selection by visual observation or by the 
use of herbicides has been performed to obtain carotenoid or EPA-rich 
mutants of several microalgae (Cordero et al., 2011; Huang et al., 
2018; Moha-León et al., 2019). For example, the herbicide norflurazon 
has been shown to not only inhibit PDS but also Δ6 desaturases in 

microalgae leading to changes in carotenoid and fatty acid composition, 
respectively (Breitenbach et al., 2001; Cohen and Heimer, 1990). 
Moreover, fluorescence activated cell sorting (FACS) is a powerful tool 
to select single cells with desired traits and has been used to enriched 
strains with higher carotenoid or EPA/lipid contents (Lim et al., 2015; 
Mendoza et al., 2008; Pereira et al., 2018). 

In this study, mutants of a robust, industrial euryhaline microalga 
Tetraselmis striata CTP4 were developed. To this end, random chemical 
mutagenesis was applied and mutants with improved carotenoid con
tents were selected using a two-step strategy: i) resistance to the her
bicide norflurazon over at least 10 subcultures and ii) enrichment of 
improved strains by FACS. The carotenoid, chlorophyll, protein, car
bohydrate and lipid contents as well as fatty acid profiles of wildtype 
and mutants were studied under two different growth conditions. 
Moreover, for the first time in this microalga, the expression profiles of 
six carotenogenic genes were analyzed. This study provides important 
information on the regulation of the carotenoid biosynthetic pathway in 
wildtype and mutant cells of T. striata. Furthermore, protein, lipid as 
well as fatty acid contents were analyzed to better understand the po
tential of these non-GMO mutants in future products. 

2. Materials and methods 

2.1. Strain and mesophilic growth conditions 

The euryhaline microalga Tetraselmis striata CTP4 was isolated from 
the Ria Formosa, Algarve, Portugal (Pereira et al., 2016). Culture scale- 
up was performed at mesophilic growth conditions at 20 ◦C and a light 
intensity of 100 µmol m− 2 s− 1 as reported previously (Pereira et al., 
2016; Schulze et al., 2017). Briefly, 50-mL Erlenmeyer flasks containing 
diluted seawater (20 ppt) enriched with Modified Algal Medium (MAM; 
Pereira et al., 2016; Schulze et al., 2017) were inoculated with colonies 
from plates and scaled up to 100-mL test tubes. Growth was followed by 
optical density measurements at 750 nm and cell count using a Neu
bauer chamber. Dry weight (DW) was calculated using the following Eq. 
(1): 

DW
[
g L− 1] = 1.61 * OD750 (1)  

2.2. Random mutagenesis and mutant selection 

Exponentially growing cells of T. striata (2 × 106 cells mL− 1) were 
subjected to random mutagenesis by ethyl methane sulfonate (EMS, 
Merck, USA) as described in Schüler et al. (2020a) with slight modifi
cations. After 10-fold concentration upon centrifugation (3000 g, 3 min) 
and a resuspension in the same media, cells were treated with 100, 150, 
200, 250 and 300 mM of EMS for 1 h under mild shaking in the dark. The 
action of EMS was stopped by addition of sodium thiosulfate to a final 
concentration of 5% (m/v). Cells were pelleted by centrifugation, 
washed thrice with sterile seawater (20 ppt) and incubated for 24 h in 
the dark in fresh media. Afterwards, cells were plated onto solid (agar) 
MAM plates in serial dilutions and incubated at room temperature (RT) 
and a light intensity of 100 µmol m− 2 s− 1 for 2–3 weeks. Colony forming 
units were counted to determine cell viability. Mutant selection was 
carried out by plating at a norflurazon concentration that was otherwise 
lethal to the wildtype (WT) cells. Herbicide-resistant colonies were sub- 
cultured at least 10 times on plates containing norflurazon to confirm 
their resistance. 

2.3. Enrichment of improved strains by fluorescence activated cell sorting 
(FACS) 

Samples of WT and mutant strains with highest carotenoid contents 
were acquired in a Becton Dickinson FACS Aria II (BD Biosciences, 
Belgium) equipped with a blue, red and violet laser (488, 633 and 407 
nm, respectively) and FACSDiva (version 6.1.3) software. Two filters 
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were used to record the fluorescence signal, namely FL1 and FL2 
centered, respectively, at 695/40 and 530/30 nm after excitation with 
the blue laser. Cells emitting higher levels of fluorescence due to chlo
rophyll (FL1) and carotenoids (FL2) were sorted directly onto 96-well 
microplates containing 250 μL of solid MAM. Plates were incubated at 
room temperature with a photon flux density of 45 μmol m− 2 s− 1 for 3–4 
weeks until colonies emerged. Mutants were plated against norflurazon 
to confirm their resistant phenotype. 

2.4. Growth experiment to compare gene expression and biochemical 
profiles of WT and selected mutants 

Pre-cultures of WT, ED5 and B11 strains were grown under meso
philic conditions in 1-L photobioreactors with constant renewal of 
media to maintain cultures in the exponential growth phase. Afterwards, 
all strains were inoculated at a biomass concentration of 0.24 g L− 1 in 1- 
L bioreactors in triplicate and supplemented with MAM. Cultures were 
grown under mesophilic (20 ◦C, 100 µmol m− 2 s− 1) and stress (30 ◦C, 
380 µmol m− 2 s− 1) conditions for three days. Samples for RNA extrac
tion were taken from the inoculum and after one day by centrifugation 
at the corresponding growth temperature; biomass pellets were imme
diately frozen in liquid nitrogen and stored at − 80 ◦C until further 
analysis. Biomass for biochemical analysis was harvested from the 
inoculum and after two and three days of growth by centrifugation, 
lyophilized and stored at − 20 ◦C. 

2.4.1. Microscopy 
After a growth period of three days, images of WT, ED5 and B11 

strains were acquired with an Axio Imager Z2 microscope coupled to a 
Zeiss-Hrm camera (Carl Zeiss Microscopy, Germany) as described pre
viously (Schüler et al., 2020b). Images were treated using Zeiss Zen lite 
microscope software (BLUE edition 3.3). 

2.4.2. RNA extraction and cDNA synthesis 
RNA was extracted using the NZYol protocol (NZYTech, Portugal) in 

combination with RNeasy Mini kit (Qiagen, Germany). To this end, the 
frozen biomass was resuspended in NZYol and cells were disrupted with 
glass beads in an MM400 mixer mill (Retsch, Germany) by three cycles 
at 30 Hz for 1 min with 1 min intervals on ice. The supernatant was 
collected after centrifugation at 12,000 g for 10 min at 4 ◦C and incu
bated at room temprature for 7 min, after which 0.2 volumes of chlo
roform were added, followed by another incubation at room 
temperature for 3 min. Phase separation was achieved by centrifugation 
at 12,000 g for 15 min at 4 ◦C and the aqueous upper phase was 
collected. After the addition of 1 vol of 70% ethanol to the aqueous 
phase, the solution was transferred to the RNeasy Mini spin column and 
the manufacturer’s instructions were followed. To remove all traces of 
genomic DNA, on-column DNase digestions using RNase-free DNase sets 
(Qiagen, Germany) were performed. Extracted RNA was quantified by 
NanoDrop One spectrophotometry (Thermo Fisher Scientific, USA) and 
integrity was confirmed by denaturing gel analysis. First strand cDNA 
synthesis was performed using superscript IV reverse transcriptase 
(Thermo Fisher Scientific, USA) according to the manufacturer’s pro
tocol. A mixture of random hexamers and oligod(T)18 primers (1:10) 
was used and cDNA was synthesized with a prolonged protocol as fol
lows: 23 ◦C for 10 min, 50 ◦C for 20 min, 55 ◦C for 20 min and 65 ◦C for 
10 min. Enzymatic activity was inhibited by incubation at 80 ◦C for 10 
min. The obtained cDNA was diluted 1:50, stored at − 20 ◦C until use in 
the subsequent reactions. 

2.4.3. Primer design and real-time PCR 
To identify the sequences of genes involved in carotenoid biosyn

thesis, PSY, PDS, LCYB, LCYE, CHYB and CYP97C3 mRNA sequences of 
chlorophytes were aligned to the published genome of a related Tetra
selmis striata strain (AccNo. GCA_006384855.1) using CLC Genomics 
Workbench 20 (Qiagen, Germany). Upon intron removal, the exon 

sequences of the aforementioned genes were obtained. Afterwards, 
primers for real-time PCR were designed using primer-BLAST (NCBI). 
The primer sequences for the PDS and LCYB genes were partially 
adapted from a previous report on Chlamydomonas sp., while the primers 
for LCYE were modified from primers targeting the same gene in 
Chlorella vulgaris (Kim et al., 2020; Ma et al., 2019). Transcript expres
sion levels of genes involved in carotenoid biosynthesis were evaluated 
by amplification using NZYSpeedy qPCR Green Master Mix, ROX plus 
(NZYTech, Portugal) and a CFX 96-well Real-Time PCR system (BioRad, 
USA) with the following protocol: initial heating to 95 ◦C for 2 min, 45 
cycles of 95 ◦C, 5 s, and 62 ◦C, 20 s (64 ◦C were used for the primers 
CHYB and CYP97C3). Small subunit (SSU) 18S ribosomal RNA was used 
as internal control and raw data were analyzed by the 2-ΔΔCt method 
based on cycle threshold (Ct) values. 

2.4.4. Pigment analysis 
Pigment extraction and analysis was performed using samples ob

tained from the inoculum and after two and three days of growth as 
described in Schüler et al. (2020a). Briefly, freeze-dried biomass was 
extracted with methanol using glass bead-based cell disruption. After 
the recovery of the supernatant, the remaining biomass was reextracted 
until both the pellet and the supernatant became colorless. The extracts 
were dried under a gentle nitrogen flow, resuspended in methanol and 
filtered. 

Chlorophyll a and b contents were determined spectrophotometri
cally using the following formulae (2 and 3) (Lichtenthaler and Well
burn, 1983): 

Chla = 15.65 A666 − − 7.34 A653 (2)  

Chlb = 27.05 A653 − − 11.21 A666 (3) 

Carotenoid profiles were analyzed by an HPLC system equipped with 
a LiChroCART RP-18 column (5 µm, 250 × 4 mm, LiChrospher) and 
photodiode-array detector set to 450 nm. For identification and quan
tification, calibration curves of neoxanthin, violaxanthin, lutein, zeax
anthin and β-carotene (Sigma-Aldrich, Portugal) were established. 

2.4.5. Biochemical analysis 
Biochemical analysis was performed on samples obtained from the 

inoculum and after three days of growth. 
The protein content was determined by CHN elemental analysis 

using a Vario el III (Vario EL, Elemental Analyzer system, Germany). The 
final protein content was calculated by multiplying the percentage of 
nitrogen by 4.78 (Lourenço et al., 2004). 

The carbohydrate content was analyzed by the phenol–sulfuric acid 
method (Dubois et al., 1956). To this end, about 5 mg of freeze-dried 
biomass was extracted using distilled water and cell disruption by 
bead-beating in an MM400 mixer mill (Retsch, Germany) at 30 Hz for 5 
min. To 1 mL of this aqueous extract an equal amount of 5% (v / v) 
phenol solution was added and mixed. Afterwards, 5 mL of 67% sulfuric 
acid was added, mixed and incubated for 10 min at room temperature. 
The reaction was stopped by incubation on ice for 20 min and the 
absorbance of the extract was read at 436 nm in a spectrophotometer 
(PF-12 plus, Macherey-Nagel). Total carbohydrate content was deter
mined using a calibration curve of different concentrations of a glucose 
standard solution. 

Lipids were extracted using a modified Bligh and Dyer method as 
described previously (Pereira et al., 2011). Briefly, freeze-dried biomass 
was dispersed using an Ultra-Turrax T10B disperser (IKA-Werke, Ger
many) in a mixture of chloroform, methanol and water (2:1:1). After 
phase separation by centrifugation, the chloroform phase containing the 
lipids was transferred to a new tube. A known volume of chloroform was 
pipetted to a pre-weighed glass vial and evaporated overnight. The 
weight of the dried residues was divided by the initial DW to determine 
the lipid fraction. 
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2.4.6. Fatty acids 
The profile of fatty acid methyl esters (FAMEs) of samples from the 

inoculum and harvested after three days were analyzed following a 
protocol described in Pereira et al. (2012) with slight modifications. 
Freeze-dried biomass was dispersed for 1.5 min in a solution of methanol 
and acetyl chloride (20:1, v/v) containing an internal standard (Trico
sanoic acid C23:0, Sigma-Aldrich, Portugal). After the addition of n- 
hexane, the fatty acids were derivatized for 60 min at 70 ◦C. FAMEs were 
then sequentially extracted two times from the reaction mixture using n- 
hexane. Hexane extracts were dried with anhydrous sodium sulphate, 
filtered and evaporated under a gentle nitrogen flow. The dried extracts 
were resuspended in hexane and stored at − 20 ◦C until GC–MS analysis. 
FAME profiles were analyzed by a Scion 456/GC Scion TQ MS (Bruker, 
USA) equipped with a 30-m ZB-5MS capillary column (30 × 0.25 mm of 
internal diameter with 0.25 μm film thickness; Phenomenex) using he
lium as a carrier gas. Elution was carried at 1 mL min− 1 using an in
jection temperature of 300 ◦C in split-less mode with the following 
temperature settings: 60 ◦C for 1 min, 30 ◦C min− 1 to 120 ◦C, 4 ◦C min− 1 

to 250 ◦C and 20 ◦C min− 1 to 300 ◦C, hold for 4 min. For identification 
and quantification of FAMEs, calibration curves using Supelco® 37 
Component FAME Mix (Sigma-Aldrich, Portugal) were established. 

2.5. Statistical analysis 

Data were tested for normality using the Shapiro-Wilk test (XLStat 
software, Vers. 2016.02.27444, Addinsoft, USA). ANOVA and Tukey’s 
HSD post hoc test were performed for the comparison of means of 
treatments with a confidence interval of 95% if not otherwise indicated. 

3. Results and discussion 

3.1. Mutant isolation 

To obtain carotenoid-rich mutants of T. striata, random mutagenesis 
using the alkylating agent EMS with subsequent selection of mutants 

resistant to the herbicide norflurazon was performed. Mutant selection 
on the herbicide norflurazon was used to enhance the selective pressure 
to find cells mutated in genes involved in the carotenoid biosynthetic 
pathway, in particular the phytoene desaturase (PDS) gene (Breitenbach 
et al., 2001). Afterwards, a killing curve to the mutagenic agent EMS was 
established to find a concentration leading to a 5–10% survival, which 
usually decreases the occurrence of multiple secondary mutations that 
lead to detrimental growth. The WT strain killing curve displayed the 
expected sigmoidal course and a survival rate of 8.68% was obtained by 
using an EMS concentration of 250 mM (Fig. 1A). The subsequent se
lection on norflurazon led to the isolation of 20 herbicide-resistant 
colonies, of which one colony, here named ED5, revealed a 24% carot
enoid content increase as compared with the WT. Therefore, this mutant 
strain was subjected to further selection by fluorescence activated cell 
sorting (FACS; Pereira et al., 2018). As cultures were not axenic, a first 
gate (Chl) was set to select only for chlorophyll positive cells using the 
red fluorescence (695 nm) emitted by chlorophyll a (FL1, Fig. 1B and 
1C). This first gated subpopulation was then sorted for cells with higher 
carotenoid fluorescence (Car) at the emission wavelength of 530 nm 
(FL2, Fig. 1D and 1E). The emission in the green range of the electro
magnetic spectrum has been related with carotenoid contents previously 
(Chen et al., 2017; Kleinegris et al., 2010; Schüler et al., 2020b). The 
ED5 strain displayed six times more cells in this gate as compared with 
the WT, representing 12.9 and 2.08% of total carotenoid positive cells, 
respectively (Fig. 1D and 1E). After cell sorting of the carotenoid gate of 
ED5, 48 colonies were able to grow on 96-well plates. Eight mutant 
strains were selected for analysis of carotenoid profiles by HPLC upon 
testing their resistance to norflurazon and growth performance. The 
mutants B11 and G8 showed significant higher carotenoid contents as 
compared with the WT, 4.8 and 4.0 mg g− 1 DW, respectively (Fig. 1F). 
However, only B11 showed a significantly different carotenoid content 
compared to ED5. Furthermore, both mutants have been maintained in 
the lab over one year without changes in their norflurazon-resistant and 
increased carotenoid contents. Therefore, ED5 and B11 were selected for 
the following growth experiment and gene expression analysis. 

Fig. 1. Isolation of carotenoid-rich mutants of T. striata. A killing curve of the WT using different concentrations of EMS was established (A). Fluorescence activated 
cell sorting (FACS) of WT and ED5 strains showing the gates for chlorophyll (Chl) positive cells (B, C) and the gates for sorting of carotenoid (Car) positive cells (D, E). 
Carotenoid contents of the WT, ED5 and other mutants isolated by FACS determined by HPLC (n = 3, mean ± SD). Significant differences (Dunnettś test) to the WT 
are represented by one (p < 0.05), two (p < 0.01) or three (p < 0.001) asterisks (F). 
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3.2. Growth performance and pigment contents of WT and mutants under 
different growth conditions 

The growth performance and pigment contents of the WT and two of 
the most promising mutants, ED5 and B11, was followed under meso
philic (20 ◦C, 100 µmol m− 2 s− 1) and stress conditions (30 ◦C, 380 µmol 
m− 2 s− 1). The growth curves of all three strains showed the beginning of 
exponential phase with a lag phase in the first two days. Upon three days 
of growth, no significant differences between the WT and mutant 
microalgae could be observed under all growth conditions. However, 
the WT culture reached a slightly higher biomass concentration under 
stress conditions than ED5 and B11 cultures: 0.74 ± 0.07, 0.53 ± 0.07 
and 0.58 ± 0.08 g L− 1, respectively (data not shown). Remarkably, the 
chlorophyll contents of the WT were significantly higher than those of 
the mutants under both conditions tested (Fig. 2). At mesophilic 

conditions, after three days of growth, chlorophyll reached the highest 
content in the WT followed by ED5 and B11: 40.5 ± 2.6, 33.8 ± 1.1 and 
25.5 ± 2.1 mg g− 1 DW, respectively. Chlorophyll contents of 35 mg g− 1 

DW have been previously reported in this species (Pereira et al., 2019). 
Conversely, stress (heat stress and higher light) conditions led to lower 
chlorophyll contents in all three strains, 18.7 ± 1.6, 7.96 ± 0.95 and 
13.9 ± 0.4 mg g− 1 DW, respectively. A higher chlorophyll content under 
lower (mesophilic) light conditions is a common phenomenon which 
can be explained by the need for better light utilization and, therefore, 
the increase in chlorophyll molecules (da Silva Ferreira and Sant’Anna, 
2017). When comparing carotenoid contents, the WT showed signifi
cantly higher contents than both ED5 and B11 mutant strains at the 
beginning of the experiment: 6.69 ± 0.12, 5.04 ± 0.41 and 4.63 ± 0.13 
mg g− 1 DW, respectively. However, upon three days of growth, carot
enoid contents in both mutants increased significantly, overtaking the 

Fig. 2. Microscopic observations and pigment contents of T. striata WT, ED5 and B11 strains under mesophilic (20 ◦C, 100 µmol m− 2 s− 1) and stress (30 ◦C, 380 µmol 
m− 2 s− 1) conditions. Chlorophyll and carotenoid contents were analyzed of the cultures grown for three days (n = 3, mean ± SD). Different letters over the bars 
indicate significant differences between samples of the same pigment (p < 0.05). Images were taken using differential interference contrast (DIC) and the auto
fluorescence of carotenoid and chlorophyll pigments (38 HE and 50 filter sets, respectively). Scale bar = 5 µm. 
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WT by up to 47%. The highest carotenoid contents (10.2 ± 0.4, 9.48 ±
0.67 and 7.17 ± 0.20 mg g− 1 DW) could be found under mesophilic 
growth conditions, while stress conditions led to slightly lower carot
enoid contents: 8.36 ± 0.59, 9.01 ± 0.41 and 6.12 ± 0.14 mg g− 1 DW for 
B11, ED5 and WT, respectively (Fig. 2). Microscopic observations 
revealed that WT and mutant cells under mesophilic growth conditions 
displayed similar cell sizes (≈15 µm). When comparing chlorophyll 
autofluorescence, the WT showed a chloroplast with its typical U-shape 
in these cells; however, the plastid autofluorescence in the mutant cells 
seemed to be more diffuse. Furthermore, the autofluorescence in B11 
microalgae appeared less intense than those of the other two strains, 
which is in agreement with the lower chlorophyll contents under mes
ophilic growth conditions. The carotenoid (38 HE) fluorescence in all 
three strains has the same shape as the chlorophyll (50 HE) fluorescence, 
confirming the assumption of a previous study on this species that the 
carotenoids seem to accumulate in the chloroplast (Schüler et al., 
2020b). However, the carotenoid to chlorophyll fluorescence ratio in 
both mutants is more intense than that of the WT, which becomes 
evident in the DIC + autofluorescence overlay; in this case, mutant cells 
display a more intense yellowish hue due to higher carotenoid fluores
cence and lower chlorophyll fluorescence. Interestingly, under stress 
conditions, B11 microalgae are on average 50% larger as compared with 
WT and ED5 cells. The chlorophyll autofluorescence appears less intense 
in both mutants than WT under these conditions. Conversely, carotenoid 
autofluorescence is more intense in B11 microalgae, while ED5 cells 
show several intense spots of fluorescence against a less intense fluo
rescent background. These observations confirm the differences 
measured in pigment contents. Indeed, a larger cell and/or spots emit
ting intense carotenoid autofluorescence could be the reason for 

increased carotenoid contents in the mutants. 

3.3. Carotenoid profile of WT and mutant strains under different growth 
conditions 

The carotenoid profile of the WT under mesophilic growth condi
tions did not change significantly during the experiment, showing 
mainly β–carotene (3.65 ± 0.20 mg g− 1 DW) and lower amounts of 
violaxanthin (1.14 ± 0.06 mg g− 1 DW), neoxanthin (1.08 ± 0.07 mg g− 1 

DW) and lutein (1.31 ± 0.10 mg g− 1 DW) after three days of growth 
(Fig. 3). Only zeaxanthin contents increased, reaching their highest level 
(0.05 ± 0.003 mg g− 1 DW) after three days of growth. However, under 
stress conditions, zeaxanthin and lutein contents increased significantly 
to respectively 0.07 ± 0.003 and 2.65 ± 0.13 mg g− 1 DW after three 
days, being accompanied by decreased β–carotene (1.48 ± 0.10 mg g− 1 

DW) and neoxanthin (0.74 ± 0.04 mg g− 1 DW) contents. These obser
vations are in agreement with a previous study on this strain (Schüler 
et al., 2020b); lower light intensities at mesophilic growth conditions 
(100 µmol m− 2 s− 1) led to an increase in light harvesting pigments, 
while photoprotective pigment levels rose under heat and high light 
stress. Moreover, the violaxanthin cycle is an important photoprotective 
mechanism for cells to adapt to changing environmental conditions; 
under lower light, violaxanthin is usually increased while WT cells show 
enhanced zeaxanthin levels under high light (Jahns et al., 2009). The 
pigment profile of ED5 cells was similar to that of the WT under meso
philic growth conditions, though with significantly higher contents of 
β-carotene (4.87 ± 0.44 mg g− 1 DW) and violaxanthin (1.43 ± 0.07 mg 
g− 1 DW), but equivalent neoxanthin contents (1.15 ± 0.03 mg g− 1 DW) 
at day 3 (Fig. 3). Moreover, up to 1.6-fold higher lutein and 2.1-fold 

Fig. 3. Carotenoid contents of T. striata WT, ED5 and B11 strains under mesophilic (20 ◦C, 100 µmol m− 2 s− 1) and stress (30 ◦C, 380 µmol m− 2 s− 1) conditions. 
Contents of β-carotene (A), lutein (B), zeaxanthin (C), violaxanthin (D) and neoxanthin (E) were quantified using RP-HPLC in the biomass harvested from the 
inoculum and after two and three days (n = 3, mean ± SD). Different letters over the bars indicate significant differences between samples for each compound (p 
< 0.05). 
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higher zeaxanthin contents than those in WT cells were observed under 
mesophilic growth conditions, reaching their highest values after three 
days (2.03 ± 0.17 mg g− 1 DW and 0.10 ± 0.004 mg g− 1 DW, respec
tively). Under stress conditions, zeaxanthin content remained relatively 
high (0.09 ± 0.01 mg g− 1 DW). However, lutein content rose to 3.81 ±
0.25 mg g− 1 DW on the third day of growth, which corresponded to a 
1.4-fold increase compared to WT levels (Fig. 3B). Moreover, ED5 
microalgae showed a 2.3-fold increase in β-carotene content (3.32 ±
0.19 mg g− 1 DW) when compared to that in WT cells under stress con
ditions (Fig. 3A). Taken together, these observations suggest that in this 
mutant both branches of the carotenoid pathway are more active than in 
the WT, regardless of the growth conditions. The B11 mutant strain is a 
derivate of ED5 cells and was isolated under low light conditions (45 
µmol m− 2 s− 1). Remarkably, after three days of growth under mesophilic 
conditions, B11 microalgae displayed not only the expected high 
β-carotene (4.20 ± 0.27 mg g− 1 DW), violaxanthin (1.63 ± 0.11 mg g− 1 

DW) and neoxanthin (1.28 ± 0.02 mg g− 1 DW) contents but also rela
tively high zeaxanthin levels (0.09 ± 0.005 mg g− 1 DW). Moreover, the 
lutein contents showed a 2.4-fold increase as compared to the WT, i.e., 
3.09 ± 0.23 mg g− 1 DW (Fig. 3B). Such increase in photoprotective 
pigments by B11 microalgae may be linked to a higher light sensibility 
and the exposure to 100 µmol m− 2 s− 1 under mesophilic growth was 
perceived by the cells as high light. Moreover, this mutant displayed the 
lowest chlorophyll contents as compared with those of other strains 
under mesophilic growth (Fig. 2), which might also be related to the 
stress sensed under this condition. Under stress conditions, lutein (3.07 

± 0.22 mg g− 1 DW) and zeaxanthin (0.09 ± 0.005 mg g− 1 DW) contents 
did not change significantly as compared with those found under mes
ophilic growth conditions (Fig. 3). However, β-carotene, violaxanthin 
and neoxanthin contents decreased to 3.66 ± 0.32, 1.09 ± 0.07 and 0.54 
± 0.02 mg g− 1 DW, respectively. Nevertheless, β-carotene content in 
B11 cells was the highest observed under stress conditions after three 
days, representing a 2.5-fold increase as compared with WT levels. 

3.4. Transcript expression analysis of carotenogenic genes in WT and 
mutants 

For a better understanding of the above-mentioned carotenoid con
tents in WT and mutant strains ED5 and B11, the gene expression 
analysis of the carotenoid biosynthetic genes, namely PSY, PDS, LCYB, 
LCYE, CHYB and CYP97C3, was performed at the beginning and after 
one day of growth under either mesophilic or stress conditions (Fig. 4). 
Phytoene synthase (PSY) catalyzes the first step of the carotenoid 
pathway leading to phytoene (Fig. 5), which is often considered to be a 
rate-limiting step of the pathway (Cordero et al., 2011). The transcript 
levels of this enzyme did not change significantly in the WT cells 
throughout the experiment. Conversely, in both mutants ED5 and B11 
under stress conditions, the PSY transcript levels were significantly 
upregulated, 1.9- and 1.5-fold, respectively, compared to the levels of 
WT cells (Fig. 4A). Down in the pathway, phytoene is then converted to 
ζ-carotene by phytoene desaturase (PDS), which has been identified as a 
rate-limiting enzyme in lutein biosynthesis (Li et al., 2013). 

Fig. 4. Relative transcript steady-state levels of genes involved in carotenoid biosynthesis in T. striata WT, ED5 and B11 cells under mesophilic (20 ◦C, 100 µmol m− 2 

s− 1) and stress (30 ◦C, 380 µmol m− 2 s− 1) conditions. RNA was extracted from the inoculum and after one day of growth (n = 3). Relative gene expression levels of 
phytoene synthase (PSY) (A), phytoene desaturase (PDS) (B), lycopene-β-cyclase (LCYB) (C), lycopene-ε-cyclase (LCYE) (D), β-carotene hydroxylase (CHYB) and 
cytochrome P450 ε-ring hydroxylase (CYP97C3) (E) were analyzed by the 2− ΔΔCt method based on cycle threshold (Ct) values using 18S ribosomal RNA as an 
internal control (mean ± SD). Different letters over the bars indicate significant differences between samples of the same gene (p < 0.05). 
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Interestingly, PDS transcript levels were increased 2.0-fold in ED5 cells 
under stress conditions as compared with the WT (Fig. 4B), matching the 
higher lutein contents observed in ED5 cells (Fig. 3B). For the WT and 
B11 and under mesophilic growth conditions, no significant changes in 
the levels of transcripts coding for this enzyme were observed 
throughout the experiment. Nevertheless, when comparing transcript 
levels between B11 cells, PDS underwent a 3.7-fold upregulation under 
stress conditions as compared with the beginning of the experiment 
(Fig. 4B). The higher expression of PSY and PDS genes in the mutant cells 
under high light (stress conditions, 30 ◦C, 380 µmol m− 2 s− 1) is in 
accordance with previous studies on Haematococcus pluvialis, Dunaliella 
salina, Chlamydomonas spp. and Chlorella (Chromochloris) zofingiensis 
(Coesel et al., 2008; Cordero et al., 2012; Couso et al., 2012; Ma et al., 
2019; Steinbrenner and Linden, 2003). After the synthesis of lycopene, 
the carotenoid pathway splits into two branches (Fig. 5). In one branch, 
lycopene-β-cyclase (LCYB) catalyzes the formation of β-carotene, which 
is further converted by β-carotene hydroxylase (CHYB) to zeaxanthin, 
followed by the biosynthesis of violaxanthin and neoxanthin. In the 
other branch, the activity of both lycopene-β- and ε-cyclases (LCYE) lead 
to the biosynthesis of α-carotene, which is hydroxylated to lutein by the 
stepwise reaction of two heme-containing cytochrome P450 mono
oxygenases, namely β-ring hydroxylase CYP97A5 and ε-ring hydroxy
lase CYP97C3. In ED5 and B11 cells, the CYP97C3 transcript levels were 
upregulated under stress conditions, rising 2.7- and 1.8-fold when 
compared to the levels found in WT cells (Fig. 4F). Together with the 
higher expression of the upstream genes involved in the carotenoid 
biosynthetic pathway, this observation agrees with the higher lutein 

contents observed in these strains as compared with the WT (Fig. 3B). 
Moreover, high light intensity has previously been shown to increase the 
expression of CYP97C3 in Chlamydomonas sp. (Cordero et al., 2012). As 
has already been assumed from the carotenoid profile of B11 microalgae 
under mesophilic growth conditions, the light intensity of 100 µmol m− 2 

s− 1 seemed to be sensed as high light by these mutant cells. The 1.7-fold 
upregulation of CYP97C3 transcript levels, when compared with those 
of the WT, provides another evidence for this assumption (Fig. 4F). 
Remarkably, these conditions led to the highest LCYB gene expression in 
B11 cells, resulting in a 3.4-fold increase compared to the levels found in 
WT cells. Low temperature (20 ◦C), as compared with high temperature 
(35 ◦C), has previously been reported to increase the LCYB gene 
expression in Chlamydomonas sp. (Ma et al., 2020). Therefore, temper
ature rather than light intensity might have been the most important 
factor for the observed higher expression levels of LCYB under meso
philic growth than under stress, representing only a 1.4-fold increase in 
B11 cells as compared with the WT levels. When comparing transcript 
levels between the beginning and after one day of the experiment, the 
expression levels of all investigated genes were upregulated in both 
mutants under both mesophilic and stress conditions. This observation 
matches the observed ≈2-fold increase in carotenoid contents in these 
strains after three days of growth as compared with the beginning of the 
experiment. However, carotenoid contents did not increase with culti
vation time in WT cells, which can be explained by the absence of any 
observable increase in the expression of the corresponding genes 
(Fig. 4). The observed changes in carotenoid contents might be due to 
shifts from one metabolite to the other, most probably controlled post- 

Fig. 5. Simplified carotenoid biosynthetic pathway in T. striata ED5 (A, blue) and B11 (B, red) strains. The numbers to the right of each metabolite correlate with the 
fold increase in carotenoid levels as compared to the WT. The thickness of the arrows indicates the relative gene expression of transcripts coding for the corre
sponding enzyme as compared to the WT. The fold increases shown for ED5 and B11 are those of cells under stress (30 ◦C, 380 µmol m− 2 s− 1) and mesophilic (20 ◦C, 
100 µmol m− 2 s− 1) conditions, respectively. PSY, phytoene synthase; PDS, phytoene desaturase, LCYB, lycopene-β-cyclase; LCYE, lycopene-ε-cyclase, CHYB, 
β-carotene hydroxylase; and CYP97C3, heme-containing cytochrome P450 ε-ring hydroxylase. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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transcriptionally by changing the activities of the corresponding en
zymes under different environmental conditions. 

To sum up, the 1.5-fold increased carotenoid content (n = 3) of ED5 
microalgae under stress conditions as compared with the WT can be 
correlated with the higher PSY and PDS gene expression of respectively 
1.9- and 2.0-fold, affecting the initial enzymes of the pathway (Fig. 5). 
Moreover, the higher lutein contents observed in this mutant are prob
ably a result of a higher expression of the CYP97C3 gene. Conversely, in 
B11 microalgae, the observed 1.4-fold increase in carotenoid contents as 
compared with the WT took place under both growth conditions tested. 
However, under mesophilic growth conditions, higher LCYB and 
CYP97C3 transcript levels seemed to have been the most decisive factors 
for the 2.4-fold increase in lutein found in B11 cells when compared with 
WT microalgae (Fig. 5). Conversely, under stress conditions, high PSY 
and PDS gene expression apparently led to the observed 2.5-fold in
crease in β-carotene contents. Interestingly, the CYP97C3 transcript 
levels remained high under these conditions, agreeing with the high 
lutein levels found in this strain, regardless of the growth conditions. 
Interestingly, in the norflurazon-resistant mutants, not only the PDS 
transcript levels were affected but also those of other carotenogenic 
genes. These observations provide further evidence that this pathway 
possesses multiple regulatory mechanisms, which are difficult to target 
in a metabolic engineering approach. 

3.5. Biochemical composition and fatty acid profile of WT and mutants 
under different growth conditions 

To elucidate possible changes and better understand the potential of 
the novel strains ED5 and B11 in future products, the protein, carbo
hydrate and lipid contents and fatty acid profiles were compared to 
those of the WT under mesophilic growth and stress conditions. 

The protein contents of the inoculum did not show any significant 
differences between the three strains. Under mesophilic growth, 
maximum protein content was reached in all three strains, which was on 
average 24.7 ± 1.7% of DW (Table 1). Protein contents in this range 
have been reported previously in microalgae of the genus Tetraselmis 
under these growth conditions (Kim et al., 2016). However, under stress 
conditions, protein contents decreased in all three strains, particularly in 
B11 cells (13.3 ± 0.6% DW). Reduced protein contents under heat stress 
have been reported earlier in other marine microalgae and can be 
related to a breakdown of housekeeping proteins in order to have 
enough amino acids for a more reduced proteome geared to protect the 
cell against heat-induced denaturation (Renaud et al., 2002). 

The carbohydrate content of the WT in the inoculum was 43.1 ±
2.2% of DW and remained constant when cells were grown under stress 
(Table 1). However, under mesophilic growth the carbohydrate content 
decreased to 28.4 ± 2.8% of DW. Carbohydrate contents in this range 
have been reported in Tetraselmis striata CTP4 previously (Schulze et al., 

2017). The mutant ED5 showed carbohydrate contents similar to those 
of the WT, achieving the highest content of 48.5 ± 4.2% of DW under 
stress conditions. Remarkably, B11 cells contained the lowest carbohy
drate content in the beginning of the experiment, which increased 
during the growth under both conditions test overtaking those of the 
WT. Highest carbohydrate contents of 61.6 ± 3.8% of DW were recorded 
in the B11 strain under stress conditions (30 ◦C, 380 µmol m− 2 s− 1). 
Increased temperature and light intensities have previously been re
ported to increase carbohydrate contents in species belonging to the 
genus Tetraselmis (Michels et al., 2014; Shin et al., 2016). 

The lipid content of all the three strains at the beginning of the 
experiment and at mesophilic growth conditions was between 8 and 
10% of DW (Table 1). This is in agreement with previous reports on this 
species, presenting lipid contents of about 10% of DW under mesophilic 
growth conditions (Pereira et al., 2016; Schulze et al., 2017). Under 
stress conditions, the lipid content of WT and B11 increased significantly 
to 17.1 ± 0.3 and 14.0 ± 2.7% of DW, respectively. This increase is most 
probably related to the heat stress and higher light intensity, conditions 
known to increase lipid contents in marine microalgae (Nogueira et al., 
2015). Under unfavorable conditions, lipids in the form of tri
acylglycerols serve as storage compounds for carbon and energy. 
Conversely, lipid contents in the mutant ED5 did not change signifi
cantly under stress conditions. One explanation could be that instead of 
being used for lipid biosynthesis, carbon is being diverted to carbohy
drate and carotenoid production. 

The fatty acid profile of WT, ED5 and B11 strains contained palmitic 
(C16:0), hexadecatetraenoic (C16:4), oleic (18:1) and linoleic (LA, 
C18:2n-6) acids, which corresponded to 70% of TFA. The remaining 20 
to 30% of TFA were composed of palmitoleic (C16:1), hexadecatrienoic 
(C16:3n-3), stearidonic (SDA, C18:4n-3) and eicosapentaenoic (EPA, 
C20:5n-3) acids (Table 2). These fatty acid profiles are comparable to 
those of previous studies on this strain (Pereira et al., 2019; Schulze 
et al., 2017). Remarkably, under all tested conditions, the fatty acid 
profile in ED5 microalgae showed an enrichment of the n-3 fatty acids 
SDA and EPA as compared to the WT (Table 1). The highest content of 
EPA achieved was 4.41 ± 0.07 mg g− 1 DW and could be found in the 
cells of ED5 microalgae in the beginning of the experiment. The EPA 
content also increased in B11 microalgae as compared with the WT, 
corresponding to 2.88 ± 0.29 mg g− 1 DW under stress conditions. 
Furthermore, the precursor LA of these n-3 fatty acids was significantly 
decreased in both mutants as compared with the WT at the beginning of 
the experiment and remained at a lower level throughout the experi
ment. These observations may be explained by the resistance of the 
strains to the herbicide norflurazon and, therefore, a possible higher 
activity of Δ6 desaturases. However, further studies of the expression 
profiles of the fatty acid biosynthesis enzymes are needed to confirm this 
assumption. 

Because changes were observed in different metabolites classes, it 
seems as though the mutations generated have a pleiotropic effect on the 
overall metabolism of the microalgal cell. These results highlight the fact 
that mutations might affect the expression of several genes in diverse 
metabolic pathways. These changes can be brought about by a mutation 
in a gene coding for a regulatory factor (e.g., transcription factor) or a 
single biosynthetic enzyme. Although the first possibility has an im
mediate pleiotropic potential, the second scenario might affect the 
metabolism via multiple metabolite feedback loops, also resulting in 
changes in the expression of multiple genes. In any case, these results 
underline the complexity of biological systems and the inherent diffi
culty of targeting a specific gene to obtain the desired phenotype. 

Moreover, the protein, carbohydrate and lipid contents of WT and 
mutant strains under mesophilic conditions are similar to those reported 
in a recent study of this strain produced industrially and could therefore 
find their application in food or feed products (Pereira et al., 2019). 
Additionally, the presence of antioxidant compounds such as caroten
oids and EPA could provide further health-promoting effects on both 
animals and humans (Nethravathy et al., 2019). However, the 

Table 1 
Protein, lipid and carbohydrate contents in WT, ED5 and B11 strains under 
mesophilic (20 ◦C, 100 µmol m− 2 s− 1) and stress (30 ◦C, 380 µmol m− 2 s− 1) 
conditions after three days of growth (n = 3, mean ± SD). Significant differences 
between samples of the same compound are indicated by different letters (p <
0.05).  

conditions strain proteins (% 
DW) 

lipids (% 
DW) 

carbohydrates (% 
DW) 

inoculum WT 23.7 ± 0.3a 8.26 ± 0.08b 43.1 ± 2.2b,c 

ED5 24.8 ± 1.2a 7.90 ± 0.11b n.d. 
B11 21.8 ± 0.3a,b 7.31 ± 0.28b 25.3 ± 1.1e 

mesophilic WT 25.7 ± 5.1a 8.64 ± 0.27b 28.4 ± 2.8d,e 

ED5 25.7 ± 3.6a 9.19 ± 1.01b 30.7 ± 1.9c,d,e 

B11 22.7 ± 0.5a,b 9.78 ± 0.12b 45.6 ± 6.7b 

stress WT 17.5 ± 3.6a,b 17.1 ± 0.3a 40.0 ± 7.2b,c,d 

ED5 17.1 ± 1.5a,b 9.26 ± 1.46b 48.5 ± 4.2b 

B11 13.3 ± 0.6b 14.0 ± 2.7a 61.6 ± 3.8a 

n.d. = not determined due to insufficient amount of biomass. 
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consumption of the whole biomass by humans is hampered because this 
species has not yet been approved by the European Food Safety Agency 
(EFSA). Different applications to the pharmaceutical, nutraceutical, or 
cosmetic industry are thus conceivable upon setting up a biorefinery to 
yield the most value from a robust industrial microalga such as T. striata 
WT and its derivatives. 

4. Conclusions 

We successfully isolated two strains of the euryhaline microalga 
Tetraselmis striata CTP4 with improved carotenoid and EPA contents. 
The creation of non-GMO strains of biotechnologically relevant micro
algae by random mutagenesis represents a powerful tool to gather 
knowledge of metabolic pathways and provides a cost-effective way of 
isolating improved strains with a promising future in the food, feed and 
pharmaceutical industries. Moreover, as T. striata has already been 
grown at large-scale, these non-GMO mutants can be considered as 
promising sources of carotenoids and EPA using processes that can be 
easily scaled up at industrial facilities. 
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