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Haematococcus pluvialis can produce a high yield of astaxanthin under stresses,
but this induced-biosynthesis is a relatively slow process and low productivity. As blue
light can quickly promote astaxanthin accumulation in H. pluvialis, this study further
investigated that the impact of blue light illumination from LED (3500 pmol photons m-
’sec’') on astaxanthin content, mRNA expression and regulation profiles of eight
astaxanthin-synthesis-related carotenogentic genes in H. pluvialis. The results showed
that (1) the astaxanthin content was enhanced to 3.03 mg/L in 18 days after blue light
induction; (2) the expression levels of carotenoid genes ipi-1, ipi-2, psy, pds, lyc, crtR-b,
bkt2 and crtO were up-regulated in different time points during the cultivation; (3) the
transcriptional expression of crtR-b, bkt2 and crtO was more efficient than other five
genes under blue light induction. It was indicated that genes of criR-b, bkt2 and crtO
might be vital to astaxanthin production in blue light treatment for H. pluvialis. This
study suggested that blue-light illumination in H. pluvialis is an effective stimulator to
induce astaxanthin production in H. pluvialis.
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Due to a high level of astaxanthin yield
which has been used widely in aguaculture, poultry
industry and pharmaceutical applicationsasafeed
additive for the pigmentation of cultured salmon,
egg yolk and/or an effective antioxidant
bioactivator, photosynthetic microalga
Haematococcus pluvialis has been attracting more
and more attention®. Asthe astaxathin production
is happened along with the H. pluvialis cell

*# To whom all correspondence should be addressed.
These authors equally contributed to this work.

Tel: +0086-5332762265, Fax: +0086-5332781832,
E-mail: mengchunxiao@126.com

transformation from green flagellatesto un-motile
red cysts, the two-stage cultivation process is
widely used for its large-scaled cultivation using
the stress induction for astaxanthin accumulation
in the second stage.

At present, high light radiation and /or
nutrient depletion are major approaches to
stimulate astaxanthin biosynthesisin H. pluvialis
asin aphotoautotrophic culture mode?. However,
thisinduction processfor astaxanthin accumulation
is not very efficient mainly because sun-light is
not constant and continuous strength®. There are
also several other induction methods, such as
manipulating nutrient concentration, pH control
and applying artificial illumination on H. pluvialis.
LEDs emitting light of short wavelengths (380—
470 nm) were found to induce astaxanthin
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accumulation of up to 5-6% per dry cell* 4.
[1lumination with blue light emitting diode lamps
and nutrient starvation induced accumulation of
astaxanthin, and the interactive effects of these
two increased the astaxanthin concentration to 76
png.cm24. Moreimportantly, aligned with the fed-
batch addition method, the cell density also can
increase simultaneously under the bluelight. Using
the fed-batch addition method, the cell
concentration increased above 1 mg-dry cell/cnm,
and under illumination with blue LEDs, the
astaxanthin concentration reached approximately
70 pg/enr® which was more efficient than ordinary
methods®. Therefore, LED blue light has been
considered as a proper illumination source and
effective astaxanthin-induced approach for afast
conversion from vegetative growth (green
fagellate) to inductive growth (red cyst) produced
by blue light from LEDs in Haematococcus
cultivation and would be an alternative solution to
improve astaxanthin production under fad batch
or photobioreactors.

LED light is an economical light source
for large-scale indoor industrial farming®. It was
reported that 11umol photon m-2 sec-1 of blue
LEDs (380470 nm) could achieveahighlevel (5-6
% of dry-cell weight) of astaxanthin yield in H.
pluvialist 7. Moreover, they reported the effects
of flashing bluelight emitting diodes (LEDs could
alsoincreasethe cellsproductivity and it therefore
has been highly recommended for indoor algal
cultivation, in particular of algal photobioreactors’.
The cultivation of H. pluvialis was established as
a two-stage process and the productiveness of
astaxanthin were shown to be maximum when the
cells were illuminated by blue light LEDSE. This
method was much simpler to operate than the
medium replacement method in operation and
enabled us to attain a higher total yield of
astaxanthin’.

Despite of many literaturesreporting the
effectiveness of blue light on H. pluvialis growth
and/or astaxanthin accumulation?, the impact of
blue light on biosynthesis molecular mechanism
of astaxanthin has not been investigated in detail.
In present study, we used the blue light LEDs to
illuminate the H. pluvialis cultures, and then
monitored the correlations between the
transcription of itskey carotenogenetic genes (ipi-
1, ipi-2, psy, pds, lyc, crtR-b, bkt2 and crtO) and
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astaxanthin accumulation to target rate-limiting
genes in the carotenoid biosynthesis pathway.

MATERIALS AND METHODS

Céll cultureand blue-light induction

Similar to our previous studies® %, the
strain 712 of H. pluvialis was used for this study.
These algal cells at logarithmic growth were
cultured in 500mL of beakers in Bold's Basal
Medium (BBM) with aconstant aeration viafiltering
(0.22%4m). The cultureswereilluminated from one
sideat thelight intensities of 660Ix with light cycle
of 12h: 12hlight/dark from blue light LEDs based
on the method of Rodriguez-Romero and
Corrochano!). For the controls, similar triplicated
culturesand the samelight density wereilluminated
by the normal light from fluorescent lamps (referred
to asfluorescentstreatmentsin the following text)
parallel to the test of blue light radiation. The
cultivation temperature was maintained at 22+1°C
during thetest. After illumination trestment 18 days,
all the sasmpleswere collected at Oh, 1h, 2h, 6h and
onday 1,2,3,6,9,12,15,and 18. Theagal solutions
were centrifuged (30 mL algal solution for RNA
extraction and 30 mL for astaxanthin measurement
every time), then frozen in liquid nitrogen and
stored at 80°C for subsequent analyses.
Astaxanthin measur ment and gene expression
analysis

The cell morphology and color
observation was conducted using Nikon Eclipse
80i microscope (Nikon, Tokyo, Japan).
Measurements of astaxanthin content and gene
transcription expression were performed following
the previously described protocols ® °, Real-time
RT-PCR analysiswas performed on an ABI Prism
7900 Sequence Detection System (Applied
Biosystems, USA) using actin gene astheinternal
control*2, All exposure experiments were repeated
threetimesindependently, and datawere recorded
as the mean with standard deviation (SD).

RESULTS

Coalor changeand astaxanthin accumulationin H.
pluvialis

Under theillumination of bluelight LEDs,
the culture color change from green to red was
observed on day 3 and became distinguished from
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the control green color after day 6 (Figure 1). On
day 18, thealgal cellswith bluelight illumination
became red entirely and none dead cells were
observed in the cultures. In contrast, there was no
much color changein the controls under the normal
light illumination (Figure 1). Similar to the
microscopy observation, results from astaxanthin
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measurements also showed that the increase of
astaxanthin in the blue-light treatment started on
day 3and gradually built up afterwards (Figure 2).
In 18 days, the astaxanthin content in the blue-
light treatment reached 3.03mg/L*vs1.65mg/L in
the control. Thiswasin linewith previousresults,
which indicated that blue light illumination could
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Fig. 1. Microscopic images (400x) of H. pluvialis cells culture samplesday 1, 3, 6, 9, 12, 15,18.a, ¢, €, 0, i, k, m
represent the controls illuminated by ordinary light from fluorescent lamp, b, d, f, h, j, I, n represent samples

illuminated by blue light, respectively
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Fig. 2. Astaxanthin accumulations of controls and blue
light illumilated samples during cultivation. OD .,
represents relative astaxanthin content in alga culture
solution.

stimulate H. pluvialis to accumul ate astaxanthin®
4,5,7,20
Transcription profileof carotenogenic genes
The mRNA levels of eight genes (ipi-1,
ipi-2, psy, pds, lyc, crtR-b, bkt2 and crtO) were
significantly up-regulated with different patterns
over 18 days (Figure 3). Under bluelight induction,
MRNA levels of ipi-1, ipi-2, psy and pdsinitially
increased significantly than fluorescents
treatmentson days 9, 3, 3 and 2, respectively. But
crtR-b, bkt2 and crtO initially increased
significantly than fluorescents treatments at 1%
hour, and lyc on 6h. Maximum transcriptional levels
of ipi-1 and ipi-2 were also found on day 9 and 3,
increasing 2.0- and 1.5-fold compared to the
fluorescents treatments (ipi-1 and ipi-2 of blue
light treatments displayed relative transcriptional
expression with 3.2 and 1.7, respectively, Figure
3a, 3b). The MRNA expression of psy increased
sharply with 2.0-fold of controls on day 3 and

J PURE APPL MICROBIO, 8(5), OCTOBER 2014.



3496

a

#
(L)

J_.H'I. [:E T

H
(L] ]

ra

b

T e o i 4TI L
T

-
in

]

ithered 1k = 1= M k3 L] [ LH d I
Trenke dtia+ (hoardar]
o
Bpr =] OBeremen
Bl Emigai
tmrer
i
bl
£
i
=
4
3
i,
1]
Treasd des (lurday]
B
t tye pr—r
—m
i ] s
EFa
k|
i
-]
-
i
-
L]
Cherml I [ ] M M [ & m d sl
£
H HEl
_ HEcroeat
5 e ren
L
ramen

e
TR

[ T

K lillve irimser gl il ETpre Eilm
n
&

-

=

Cati B B H XM M o
Tracis Ay (e

A N 1M

kit s i el e

i el oy

-

i i iy ] g e slow

Edite vy mmxipiwal vy s

GAO et a.: BLUE LIGHT AFFECTS CAROTENOGENETICS EXPRESSION IN H. pluvialis

2 fmi-1 Opp
i =
18
1d
14
12
1
]
o8
2]
o2
0
Oxtel I L d - | M &d d 12d Ed 18
Trested tiar (e thyh
L
& pi i
Ld W
PR
L2
1
5
]
=)
2
o
Cord Ih a u o f L M Ld W B3
Tramd tos jhsarihy)
12 — oty
[T
miEmae

el 1k & H H k- 21 Ea 1 1= M
Tresve d e eourdnyd

Dol B & 10 3 M o # I W I
Tamrim femiyy

Fig. 3. The effects of ET on the transcript levels expression kinetics of eight carotenogenic genesin H. pluvialis
duringincubation. &, b, ¢, d, e, f, g and h represent transcript level s expression kinetics of ipi-1, ipi-2, psy, pds, lyc,

crtR-b, bkt and crtO respectively
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reached the highest level of 2.9-fold of fluorescents
treatments on day 6 (psy of blue light treatments
displayed relative transcriptional expression with
7.5, Figure 3c), then gradually decreased until day
18. Thetranscription of pdswasup to 57.0-fold of
fluorescents treatments on day 2 but declined on
day 3. However, it rose again on day 9 and became
maximum of 170.0-fold of fluorescentstreatments
on day 12 (pds of blue light treatments displayed
relative transcriptional expressionwith 1.2, Figure
3d). Based ontheinitial increase, lyc transcriptional
level increased 2.2-fold of fluorescentstreatments
on 6" hour and become the highest level of 7.6-
fold of controls on day 15 (lyc of blue light and
fluorescent treatments displayed highest relative
transcriptional expression with 1.5and 7.7 on day
2and 1, respectively, Figure 3e). Theinitial mMRNA
expression increase of crtR-b, bkt2 and crtO were
observed at the 1% hour with 3.1-, 8.7- and 4.4-fold
of fluorescents treatments, while they showed the
highest level at 1% hour, 1% hour and on day 15 with
3.1-, 8.7- and 41.0-fold of fluorescentstreatments
(crtR-b, bkt2 and crtO of blue light treatments
displayed relative transcriptional expression with
0.6,4.1and 12.5, respectively, Figure 3f, 3g, 3h).

DISSCUSION

During extremeenvironmental conditions,
such asnutrient limitation, increased light intensity
or high salt concentrations, H. pluvialis form red
cysts by increasing lipids biosynthesis and
carotenogenesis, particularly accumulation of
orange-red pigment astaxanthin esters as survival
strategies®.

A ciselement, APE sequence (a proximal
element, consensus sequence GAANNTTGCC),
involved in blue light regulation of al-3 gene
expression, was shown to be essential for the
promoter of other genesin N.crassa®, carB genes
in Phycomyces blakesleeanus', carRA and carB
and carG in Mucor circinelloides'®**". In our
previous studies, results of the site-directed
mutagenesis of aC-repeat/DRE and two APE-like
motifs in a promoter-like region (—630/-308)
suggested that two APE-like motifs might be
essential for transcriptional regulation of the bkt2
gene® 9, All the fact listed suggested blue light
was likely to be a potential regulator of genes
related to astaxanthin biosynthsisin H. Pluvialis.
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Therefore, similar kinetics to those described for
the structural genes involved in carotenogenesis
might lie in astaxanthin synthesis of H. Pluvialis.
In this paper, we want to target eight key genes
responsiblefor high astaxanthin accumul ation and
eval uate the correlations between gene expression
and astaxanthin profile.

L EDshavethe advantage of lower energy
consumption and higher duration to a high
frequency of on-off switching®. Similar to other
studies 245720 we also found that the blue light
illumination could stimulate H. pluvialisproducing
more astaxanthin. Even in the green stage of H.
pluvialis, 80 ¥zmol photons m2sec of blue light
illumination also could induce a gradual increase
of carotenoids and up to 56.0-fold in 23 days
compared to day O of growth in H. pluvialist.
However, their data suggest LED lights are not
effective for the production of carotenoids during
red-phase of H. pluvialis, which contradicted the
previousfinding by Lababpour et al who reported
that blue LEDs enhance astaxanthin production®.
Nevertheless, in our paper, H. pluvialis
accumulated astaxanthin up to 3.0 mg/L (with 1.8-
fold control’sproduction, Figure 2) in 18 days after
illumination of bluelight LEDs.

In previous literatures, numerous genes
have been cloned that show an increasein mMRNA
steady state levelsin responseto bluelight dueto
transcriptional regulation instead of post-
transcriptional control mechanisms?. The up-
regulation of carotenogenetic genes by blue light
was also reported in fungus Phycomyces for 2-
carotene induction®. Based on the mode of
Mucoral fungus Phycomyces, it is believed that
the putative control motifs (also named APE) are
essential for the blue-light induction on
biosynthesis of carotene®?. Upon blue light
illumination, concomitant with astaxanthin
accumulation increasing on day 3, the expression
levels of 8 carotenoid genesipi-1, ipi-2, psy, pds,
lyc, crtR-b, bkt2 and crtO were up-regulated but
with different transcriptional profilesinH. pluvialis
(Figure 3). Firstly, theinduction of bluelight caused
delayed up-regulation of ipi-1, ipi-2, psy and crtR-
b since their MRNA levels initialy increased on
days9, 3and 3, whereas pds, lyc, crtR-b, bkt2 and
crtO expression were early up-regulated on day 2,
at 6" hour, 1% hour, 1% hour and 1 hour (Figure 3a,
3b, 3d, 3f). Secondly, the initia increase and
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maximal expression level of pds of blue light
treatments occurred on day 2 and 12 with 57.0- and
170.0-fold of fluorescents treatments, which was
superior to other 7 genes (Figure 3d). Thirdly, the
quick astaxanthin accumulation observed in H.
pluvialis cells from day 3 seems to be correlated
with fast increasing expressions of crtR-b, bkt2
and crtO (crtR-b, bkt2 and crtO of blue light
treatmentsdisplayed 3.1-, 8.7- and 4.4-fold relative
transcriptional expression of fluorescent
treatments, respectively, Figure 3f, 3g, 3h) on 1%
hour of blue light irradiation. Therefore, crtR-b,
bkt2 and crtO seem to be more efficient at
transcriptional expression among eight astaxanthin
biosynthetic related genesin H. pluvialis. Further,
it is worth noting that bkt2 expression was early
up-regulated on 1% hour with 8.7-fold (Figure 3g),
which was correlated with the transcriptional
regulation from two A PE sequence at the promoter
region of bkt2 according to our previous reports'®
1%, Meanwhile, it hasbeen highlighted that studying
the relationship between the regulation of key
genes and the APE sequence which is very
important for investigating astaxanthin
biosynthesis mechanism in Haematococcus'®*,

In this study, we investigated the
relationship between astaxanthin concentration
and the transcriptional profiles of 8 related genes
with blue-light challenge. This study reveals that
these candidate genes, crtR-b, bkt2 and crtO, might
be vital to for metabolic engineering for more
astaxanthin production with high quality and less
production cost under blue-light stress. However,
these primary results may not be efficient to reveal
all transcriptional mechanismin H. pluvialiswith
blue light stress. Therefore, further study is
required to distinguish or confirm the presence of
APE-like sequencein other genes (except for bkt2)
involved in astaxanthin synthesis.

ACKNOWLEDGEMENTS

The present study was supported by the
National Natural Science Foundation of China
(41106124, 31170279), theNational Natural Science
Foundation of Shandong province (ZR2011DM 006,
ZR2011CQO010), Hi-Tech Research and
Development Program (863) of China (
2014AA022003) and the James Cook University
Miscellaneous Research Fund 2013 (JCU20732)

J PURE APPL MICROBIO, 8(5), OCTOBER 2014.

GAO et a.: BLUE LIGHT AFFECTS CAROTENOGENETICS EXPRESSION IN H. pluvialis

and the supporting project for young teachersin
Shandong University of Technology.

REFERENCES

1. Katsuda, T., Lababpour, A., Shimahara, K.,
Katoh, S. Astaxanthin production by
Haematococcus pluvialisunder illumination with
LEDs. Enzy. and Microb. Technol., 2004; 35;
81-86.

2. Wang, J.F., Han, D.X., Sommerfeld, M.R., Lu,
C.M., Hu, Q. Effect of initial biomass density
on growth and astaxanthin production of
Haematococcus pluvialis in an outdoor
photobioreactor. J. Appl. Phycol., 2013; 25; 253~
260.

3. Hong, M.E., Choi, S.P, Park, Y.I., Kim, Y.K,,
Chang, W.S,, Kim, B.W., Sim, S.J. Astaxanthin
production by a highly photosensitive
Haematococcus mutant. Process Biochem.,
2012; 47; 1972-1979

4, Lababpour, A., Had,a K., Shimahara, K.,
Katsuda, T., Katoh, S. Effects of nutrient supply
methodsand illumination with bluelight emitting
diodes (LEDs) on astaxanthin production by
Haematococcus pluvialis. J. Biosci. Bioeng.,
2004; 98; 452-456.

5. Lababpour, A., Shimahara, K., Hada, K., Kyoui,
Y., Katsuda, T., Katoh, S. Fed-batch culture
under illumination with bluelight emitting diodes
(LEDs) for astaxanthin production by
Haematococcus pluvialis. J. Biosci. Bioeng.,
2005; 100; 339-342.

6. Yeh, N., Chung, J.P. High-brightness LEDs—
Energy efficient lighting sources and their
potential in indoor plant cultivation. Renewab.
and Sustainab. Ener. Rev.; 2009; 13; 2175-2180.

7. Katsuda, T.,Shimahara, K.,Shiraishi,
H.,Yamagami, K., Ranjbar, R., Katohl, S. Effect
of flashing light from blue light emitting diodes
on cell growth and astaxanthin production of
Haematococcus pluvialis. J. Biosci. Bioeng.,
2006; 102; 442-446.

8. Saha, SK., Edward, M., Hayes, J,. Moane, S.,
Walsh, D., Murray, P. Effect of various stress-
regulatory factors on biomass and lipid
production in microalga Haematococcus
pluvialis. Bioresour. Technol., 2013; 128; 118—
124,

9. Gao, Z.Q., Meng, C.X., Zhang, X.W., Xu, D.,
Miao, X.X., Wang, Y.T., Lv, H.X., Yang, LM.,
Chen, L.L., Ye, N.H. Differential expression of
carotenogenic genes, associated changes on
astaxanthin production and photosynthesis
features induced by JA in H. pluvialis. PLoS



10.

11.

12.

13.

14.

15.

GAO et a.: BLUE LIGHT AFFECTS CAROTENOGENETICS EXPRESSION IN H. pluvialis

ONE, 2012; 7; 1-7.

Gao, Z.Q., Meng, C.X., Zhang, X.W., Xu, D.,
Zhao, Y.F, Wang, Y.T., Yang, LM, Lv, H.X.,
Chen, L.L., Ye, N.H. Induction of salicylic acid
(SA) on transcriptional expression of eight
carotenoid genes and astaxanthin accumulation
in Haematococcus pluvialis. Enzy. and Microb.
Technol., 2012; 51; 225-230.
Rodriguez-Romero, J., Corrochano, L.M. The
gene for the heat-shock protein HSP100 is
induced by bluelight and heat shock inthefungus
Phycomyces blakesleeanus. Curr. Genet.; 2004;
46; 295-303.

Huang, J.C., Chen, F., Sandmann, G. Stress-
related differential expression of multiple b-
carotene ketolase genesin the unicellular green
alga Haematococcus pluvialis. J. Biotechnal.,
2006; 122; 176-185.

Carattoli A, Cogoni C, Morelli G and Macino
G. Molecular characterization of upstream
regulatory sequences controlling the
photoinduced expression of the albino-3 Gene
of Neurospora-crassa. Mol. Microbio., 1994,
13; 787-795.

Ruiz-Hidalgo, M.J,, Benito, E.P, Sandmann, G.,
Eslava, A.P. The phytoene deydrogenase gene
of Phycomyces: regulation of its expression by
bluelight and vitaminA. Mol. Gen. Genet., 1997,
253; 734-744.

Velayos, A., Blasco, J.L.,Alvarez, M 1., Iturriaga,
E.A., Eslava, A.P. Blue-light regulation of
phytoene dehydrogenase (car B) gene expression
in Mucor circinelloides. Planta, 2000, 210; 938-
946.

16.

17.

18.

19.

20.

21.

22.

3499

Velayos, A., Eslava, A.P, lturriaga, E.A. A
bifunctional enzyme with lycopene cyclase and
phytoene synthase activities is encoded by the
carRP gene of Mucor circinelloides. Eur. J.
Biochem., 2000, 267; 5509-5519.

Velayos, A., Papp, T.S., Aguilar-Elena, R.,
Fuentes-Vicente, M., Eslava, A.P, lturriaga,
E.A.,Alvarez, M.1. Expression of the carG gene,
encoding geranylgeranyl pyrophosphate
synthase, is up-regulated by bluelightin Mucor
circinelloides. Curr. Genet., 2003; 43; 112-120.
Meng, C.X., Teng, C.Y., Jiang, P, Qin, S,, Tseng,
C.K. Cloning and characterization of 2-carotene
ketolase gene promoter in Haematococcus
pluvialis. Acta Biochem. Biophys. Sin., 2005;
37; 270-275.

Meng, C.X., Liang, C.W., Su, Z.L., Qin, S,,
Tseng, C.K. There are two 5'-flanking regions
of bkt encoding beta-carotene ketolase in the
Haematococcus pluvialis. Phycologia, 2006; 45;
218-224.

Katsuda, T., Shiraishi, H., Ishizu, N., Ranjbar,
R., Katohl, S. Effect of light intensity and
frequency of flashing light from blue light
emitting diodes on astaxanthin Production by
Haematococcus pluvialis. J. Biosci. Bioeng.,
2008; 105; 216-220.

Linden, H., Ballario, P, Macinol, G. BlueLight
Regulation in Neurospora crassa. Fung Gene
and Biol., 1997; 22; 141-15022.

Almeida, E.R.A., Cerda-Olmedo, E. Gene
expression in the regulation of carotene
biosynthesisin Phycomyces. Curr. Genet., 2008;
53; 129-137.

J PURE APPL MICROBIO, 8(5), OCTOBER 2014.



