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1  Introduction
Most carotenoids are tetraterpenoids（C40）composed of 

carbon-conjugated double bonds and hydrogen, and are 
broadly classified as carotenes without oxygen and xantho-
phylls with oxygen derived from hydroxyl and ketone 
groups1）. The numbers of these conjugated double bonds, 
and hydroxyl and ketone groups determine the antioxidant 
potential of carotenoids. The singlet oxygen-scavenging ca-
pacity of astaxanthin（AST）, a xanthophyll with particularly 
high antioxidant capacity, is about 40, 550, and 6,000 times 
greater than those of β-carotene, vitamin E, and vitamin C, 
respectively2－4）. In fact, in Haematococcus spp., freshwa-
ter microalgae, accumulated AST diffuses to the cell pe-
riphery to protect them from photooxidative stress5）. 

Carotenoid production processes have been reported in 
several plants, phytoplankton, and algae, and are common-
ly initiated by exposure to stresses such as nutrient depri-
vation, low temperature, high radiation, and high salinity6－8）. 
Therefore, for large-scale AST production involving Hae-
matococcus spp. and practical applications, a two-stage 
culture system consisting of biomass maximization and 
AST accumulation has been adopted. In general, high irra-
diance is required to induce AST production in the second 
stage. However, in practice, AST synthesis takes a long 
time and the risk of contamination is high, because the or-
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ganism is cultivated outdoors using natural light that is un-
stable as to illumination6）. Wen et al. reported that ethanol 
addition promoted AST production in H. pluvialis inde-
pendent of light stimulation9）. However, since Haemato-
coccus spp. are autotrophs, light irradiation is essential 
during the growth period. Therefore, further improvements 
are needed to shorten the time and reduce the cost.

Thraustochytrids are unicellular microalgae that not only 
biosynthesize functional lipids such as docosahexaenoic 
acid（DHA）, but also accumulate carotenoids such as 
β-carotene, AST, and canthaxanthin in their cells10－12）. In 
addition, thraustochytrids are heterotrophic organisms, 
which means that they do not require light irradiation for 
culture, making mass cultivation easy. These characteris-
tics indicate that thraustochytrids are promising new 
sources of AST instead of Haematococcus spp. In Schizo-
chytrium limacinum, a thraustochytrid species, 0.8％ 
butanol induced a decrease in fatty acid accumulation and 
increases in squalene, sterol, and carotenoid accumula-
tion13）. These effects are similar to the effects of ethanol in 
H. pluvialis shown by Wen et al.9）. In this study, the effect 
of short-chain alcohols, from C1 to C4, on AST production 
by the AST high-producing Aurantiochytrium sp. O5-1-1 
isolated from mangroves in Okinawa, Japan, was examined. 
In addition, AST production-enhancing mutant strains 
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Abstract: Two-percent ethanol increased the astaxanthin productivity of heterotrophic microalgae 
Aurantiochytrium sp. O5-1-1 to 2.231 mg/L, 45-fold higher than under ethanol-free condition. Ethanol in the 
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OM3-3 and OM3-9 were constructed using the O5-1-1 
strain as a host.

2  Materials and Methods
2.1  Cultures

For isolation of Thraustochytrids, dYPD medium（0.2％ 
glucose, 0.1％ polypeptone, and 0.05％ yeast extract in 
50％ artificial seawater）was used. GY medium（4％ glucose 
and 1.5％ yeast extract in 50％ artificial seawater）was 
used to evaluate AST productivity. Predetermined concen-
trations of alcohols（methanol, ethanol, 1-propanol, and 
1-butanol）were added to 4 mL GY liquid medium in which 
strain O5-1-1 was cultured for 24 hours, followed by 
shaking for 96 hours.

Liquid culture was performed at 25℃ with shaking（300 
rpm）. Solid media contained 1.5％ agar.

2.2   Screening of astaxanthin high-producing thraustochy-
trids

A small piece of mangrove leaf from Okinawa, Japan, and 
sterilized pine pollen were inoculated into dYPD liquid 
medium containing 100 µg/mL chloramphenicol, followed 
by incubation at room temperature for 2 days. The floating 
pine pollen was streaked onto dYPD agar medium and in-
cubated for 2 days. The redder strains were visually sorted 
from the growing colonies.

Isolated strain O5-1-1 was identified by sequencing of 
the 18S ribosomal DNA region amplified with a pair of 
primers, EukA: 5'-AACCTGGTTGATCCTGCCAGT-3' and 
EukB: 5'-TGATCCTTCTGCAGGTTCACCTAC-3'14）. Further-
more, EukA, EukB, Euk-550R（5'-GAATTACCGCGGCT-
GCTGGC-3 '）,  Euk-950R（5 ' -ATCCCCTAACTTTC-
GTTCTTG-3 '）,  and Euk-1500R（5 '-CCAGAACGTC- 
TAAGGGCATCACAG-3'）were used as primers for sequenc-
ing. The genome of strain O5-1-1 used for PCR was ex-
tracted by the alkaline-thermal shock procedure. Amplified 
PCR products were sequenced（Macrogen Inc., Japan）and 
analyzed using the BLASTn algorithm of the National 
Center for Biotechnology Information（NCBI, http://blast.
ncbi.nlm.nih.gov/）. 

2.3  Carotenoid analysis
Cell pellets from 4 mL aliquots of medium collected by 

centrifugation were transferred to 2 mL tubes and freeze-
dried overnight. The dried cells were resuspended in 500 
µL of methyl tert-butyl ether（MTBE）and 500 µL of metha-
nol, and then crushed with glass beads. The supernatant 
after crushing was collected and used for high-performance 
liquid chromatography（HPLC）analysis. A reversed-phase 
column, YMC Carotenoid 4.6 ID×150 mm（YMC Co., Ltd., 
Japan）, was used for carotenoid analysis. Methanol/MTBE/
H2O（81/15/4）was used as mobile phase A, and Methanol/

MTBE/H2O（8/90/2）as mobile phase B. The flow rate was 
set to a total of 1.0 mL/min, and the gradient conditions 
were such that the percentage of mobile phase B increased 
from 0％ to 89％ within 40 minutes of the start of analysis. 
The detection absorbance wavelength, column tempera-
ture, and sample injection volume were fixed at 470 nm, 
30℃, and 20 µL, respectively. Calibration curves were pre-
pared using AST（FUJIFILM, Japan）and β-carotene（FUJI-
FILM）standards to quantify these carotenoids from the 
cells. All experiments were performed three times. Data 
were analyzed by one-way repeated measures ANOVA, and 
significant differences between the groups were deter-
mined by Bonferroni method（p＜0.01）using R version 
4.2.1.

2.4  Fatty acid analysis
The preparation of fatty acid methyl esters（FAMEs）and 

their analysis by gas chromatography（GC）was described 
previously15）. Total lipids of dried cells were transmethyl-
ated with 10％ methanolic HCl for 4 hours at 55℃. The re-
sulting FAMEs were extracted using n-hexane, concentrat-
ed, and analysed by GC-2025 gas chromatography
（Shimadzu, Japan）on a TC-70 capillary column（GL 
Science, Japan）. Fatty acid quantification was performed 
using linoleic acid（18:2ω6; Tokyo Chemical Industry, 
Japan）as an internal standard. 

2.5  Residual ethanol measurement
Residual ethanol in the culture supernatant was deter-

mined by GC analysis using a DB-SELECT 624UI capillary 
column（Agilent Technologies, Japan）. The temperature of 
the column was initially set at 40℃ for 20 minutes, and 
then increased to 200℃ at 10℃/min and kept there for 20 
minutes. The temperature of the vaporization chamber and 
the detector were both 260℃. Helium was used as the 
carrier gas. Calibration curves were prepared using ethanol
（＞99.9％）（Kishida Chemical, Japan）standard.

2.6  Mutagenesis
A final concentration of 500 μg/mL N-methyl-N'-nitro-N-

nitrosoguanidine was added to 1×107 cells suspended in 
50 mM Tris-maleate buffer（pH 7.5）, followed by incubation 
at 25℃ for 60 min. Three volumes of 10％（w/v）sodium 
thiosulfate was then added to stop the reaction. The viable 
cells washed twice with sterile water were streaked onto 
GY agar medium and incubated under fluorescent light for 
2 days, after which strongly red colonies were visually se-
lected. Mutational treatment effects were assessed by less 
than 10％ survival and diversification of colony size.
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3  Results and Discussion
3.1  Effect of alcohols on carotenoid production

The C1-C4 alcohols given to the cells cultured for 24 
hours all enhanced the production of AST（Table 1）. In 
particular, 2％ ethanol caused AST productivity and AST 
accumulation to reach 2.23 mg/L（45-fold higher than 
control）and 0.242 mg/g（73-fold higher than control）, re-
spectively（Table 1）. The carbon number of alcohols was 
proportional to the induction of AST production as well as 
growth inhibition.

AST accumulation under 0.5％ butanol conditions 
reached 0.065 mg/g, which was generally consistent with 
the results of Zhang et al.13）. On the other hand, 2％ 
ethanol induced 4-fold higher AST accumulation than 0.5％ 
butanol. These results suggested that ethanol could more 
effectively induce AST production in strain O5-1-1, as in H. 
pluvialis.

3.2   Time course of carotenoid production under ethanol-
addition and -free conditions

The production of AST and β-carotene in strain O5-1-1 
under ethanol-free conditions started after the stationary 
phase, reaching 0.086 mg/L and 0.116 mg/L, respectively, 
at 144 hours culture（Table 2）. While 2％ ethanol signifi-
cantly increased the production of carotenoids immediately 
after addition. AST and β-carotene production reached 
2.063 mg/L and 0.368 mg/L at 120- and 72-hours culture, 
respectively（Table 2）. These results suggest that ethanol 

comprehensively up-regulates the carotenoid production 
process, including the β-carotene synthesis pathway and 
the conversion pathway to AST.

The increase in carotenoid production on ethanol addi-
tion decreased the accumulated fatty acids（Table 2）. This 
result is consistent with the effect of butanol reported by 
Zhang et al.13）. Residual ethanol after the stationary phase 
decreased at the same rate as spontaneous volatilization, 
suggesting that strain O5-1-1 does not utilize ethanol as a 
carbon source, carotenoid material, or signaling factor, and 
continued to be under ethanol stress（Fig. 1）. These results 
suggest that strain O5-1-1 that have reached stationary 
phase prioritizes defense against alcohol by AST produc-
tion rather than metabolism.

3.3  Astaxanthin productivity-enhancing mutants
Mutant strain OM1-4 with enhanced AST productivity 

was constructed using strain O5-1-1 as a host. In addition, 
strain OM1-4 was mutated to obtain the OM2-4 and OM2-5 
strains. The OM3-3 and OM3-9 strains were parented to 
OM2-5 and OM2-4 strains, respectively. Under the 2％ 
ethanol conditions, the AST productivity of triply mutated 
strain OM3-3 reached 5.075 mg/L, which was 2.3-fold 
higher than that of strain O5-1-1（Table 3）. Furthermore, 
the AST accumulation by strain OM3-9 was 0.895 mg/g, 
which was 150-fold higher than that by strain O5-1-1 under 
ethanol-free conditions（Tables 2 and 3）. 

The AST productivity of all selected mutants was higher 

Table 1　Effects of alcohol on carotenoids production in Aurantiochytrium sp. O5-1-1.

Condition* Astaxanthin (mg/L) β-carotene (mg/L) Dry cell weight (g/L)
Control 0.052±0.003a n.d. 15.00±0.30

Methanol 0.5% 0.106±0.006a,b 0.087±0.011a,b 15.25±0.69
1.0% 0.148±0.020a,b 0.078±0.011a,b 14.87±0.50
2.0% 0.327±0.029b,d 0.099±0.002a,b,c 14.23±0.47

Ethanol 0.5% 0.152±0.010a,b 0.156±0.023d,e 15.75±0.40
1.0% 0.296±0.024b 0.178±0.020d 15.45±0.58
2.0% 2.231±0.050c 0.123±0.005a,e  9.22±0.43

1-Propanol 0.5% 0.550±0.055d 0.056±0.003b  9.25±0.59
1.0% 1.592±0.168e n.d.  6.62±0.32
2.0% 0.035±0.031a n.d.  6.87±0.42

1-Butanol 0.5% 0.952±0.072f 0.135±0.008c,d,e 14.70±0.00
1.0% n.d.** n.d.  7.87±0.05
2.0% n.d. n.d. 11.27±1.58

*  Alcohols were added to the GY medium in which the strain O5-1-1 was cultured for 24 
hours, followed by shaking for 96 hours. All data are the means±standard deviation (SD) 
for triplicate samples.

** “n.d.”, not detected.
Mean values not sharing a common letter are significantly different between conditions for 
same carotenoid (p < 0.01), estimated by Bonferroni method following one-way ANOVA.
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Table 2　 Time course of induction of carotenoids production in Aurantiochytrium sp. O5-1-1 
by 2％ ethanol.

Total incubation
time (h)*

Astaxanthin 
(mg/L)

β-carotene 
(mg/L)

Fatty acid 
production (g/L)

Dry cell weight 
(g/L)

Ethanol-free 24 n.d.** 0.012±0.001a 5.51±1.88 10.43±0.09
48 n.d. 0.073±0.000a 5.95±0.31 12.46±0.74
72 0.022±0.006a 0.099±0.007a 5.52±0.24 12.39±0.22
96 0.038±0.001a 0.100±0.009a 4.89±0.09 12.14±0.11
120 0.053±0.005a 0.116±0.003a 4.86±0.16 11.74±0.22
144 0.086±0.026a 0.116±0.012a 3.77±0.54 10.54±0.28
168 0.073±0.001a 0.111±0.007a 3.77±0.11 10.64±0.48

2% ethanol 48 0.134±0.023a 0.316±0.039b 5.96±0.38 12.23±0.40
72 0.791±0.091b 0.368±0.006c 3.47±0.26 10.20±0.13
96 1.864±0.027c 0.214±0.005d,e 1.93±0.29  7.38±0.09
120 2.063±0.117c 0.261±0.006d 0.63±0.11  6.29±0.27
144 1.781±0.261c 0.234±0.016d,e 0.45±0.17  5.33±0.33

　 168 1.223±0.014d 0.197±0.003e 0.33±0.07  3.87±0.20
*  Ethanol was added to the GY medium in which the strain O5-1-1 was cultured for 24 hours, followed 

by shaking. All data are the means±standard deviation (SD) for triplicate samples.
** “n.d.”, not detected.
Mean values not sharing a common letter are significantly different between conditions for same 
carotenoid (p < 0.01), estimated by Bonferroni method following one-way ANOVA.

Table 3　Carotenoids productivity of Aurantiochytrium sp. O5-1-1 mutants.

Condition Strain Parent Astaxanthin
(mg/L)

β-carotene
(mg/L)

Dry cell weight
(g/L)

Ethanol-free O5-1-1 0.066±0.005a 0.122±0.002a,b 10.98±0.18
OM1-4 O5-1-1 0.529±0.019a,b 0.249±0.012c,d 10.21±0.37
OM2-4 OM1-4 0.726±0.061a,b 0.412±0.046e 10.11±0.20
OM3-9 OM2-4 1.663±0.100c,d 0.086±0.002a  9.27±0.06
OM2-5 OM1-4 0.882±0.070b 0.317±0.014f  9.47±0.10
OM3-3 OM2-5 1.114±0.098b,c 0.157±0.014b,g  9.75±0.05

2% ethanol O5-1-1 2.148±0.178d 0.312±0.014c,f  6.68±0.16
OM1-4 O5-1-1 3.306±0.205e 0.537±0.012h  7.41±0.15
OM2-4 OM1-4 3.972±0.451e 0.122±0.017a,b  6.62±0.37
OM3-9 OM2-4 5.050±0.170f 0.147±0.014a,b,i  5.64±0.12
OM2-5 OM1-4 3.801±0.279e 0.183±0.013b,i  6.25±0.18
OM3-3 OM2-5 5.075±0.329f 0.203±0.014d,g,i  6.18±0.26

Two percent ethanol was added to the GY medium in which the strain O5-1-1 and mutants 
were cultured for 24 hours, followed by shaking for 96 hours. All data are the means±
standard deviation (SD) for triplicate samples.
Mean values not sharing a common letter are significantly different between conditions for 
same carotenoid (p < 0.01), estimated by Bonferroni method following one-way ANOVA.
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than that of O5-1-1 in the absence of ethanol（Table 3）, and 
was synergistically promoted by 2％ ethanol（Table 3）. 
Thus, enhancement of carotenoid production by ethanol 
was also effective in the mutant strains.

4  Conclusion
2％ ethanol was more effective than other short-chain 

alcohols, and increased the AST production by Aurantio-
chytrium sp. O5-1-1 to 2.063 mg/L at 96 hours after addi-
tion. Furthermore, the increased production of β-carotene, 
a precursor of AST, suggested that ethanol promoted the 
entire carotenoid synthesis mechanism. With triply 
mutated strains, OM3-3 and OM3-9, AST productivity 
reached 5.075 mg/L and AST accumulation 0.895 mg/g, re-
spectively. The AST productivity of all selected mutants 
was higher than that of O5-1-1 under ethanol-free condi-
tions and synergistically enhanced by 2％ ethanol. These 
results will be beneficial for the commercial exploitation of 
carotenoid-producing Aurantiochytrium spp.
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