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Abstract: The unicellular green alga Haematococcus pluvialis is the best source of natural astaxanthin (AST) in the world
due to its high content under stress conditions. Although high light (HL) can effectively induce AST biosynthesis, the specific
mechanisms of light signal perception and transduction are unclear. In the current study, we used transcriptomic data of normal
(N), high white light (W), and high blue light (B) to study the mechanisms of light inducing AST accumulation from the point of
photoreceptors. The original data of 4.0 G, 3.8 G, and 3.6 G for N, W, and B were obtained, respectively, by the Illumina Hi-seq
2000 sequencing technology. Totally, 51 954 unigenes (at least 200 bp in length) were generated, of which, 20 537 unigenes were
annotated into at least one database (NR, NT, KO, SwissProt, Pfam, GO, or KOG). There were 1 255 DEGs in the W vs N,
1 494 DEGs in the B vs N, and 1 008 DEGs in the both W vs N and B vs N. KEGG enrichment analysis revealed that
photosynthesis, oxidative phosphorylation, carotenoid biosynthesis, fatty acids biosynthesis, DNA replication, nitrogen
metabolism, and carbon metabolism were the significantly enriched pathways. Moreover, a large number of genes encoding
photoreceptors and predicted interacting proteins were predicted in Haematococcus transcriptome data. These genes showed
significant differences at transcriptional expression levels. In addition, 15 related DEGs were selected and tested by gRT-PCR
and the results were significantly correlated with the transcriptome data. The above results indicate that the signal transduction
pathway of “light signal - photoreceptors - interaction proteins - (interaction proteins - transcription factor/transcriptional
regulator) - gene expression - AST accumulation” might play important roles in the regulation process, and provide reference
for further understanding the transcriptional regulation mechanisms of AST accumulation under HL stress.

Keywords: Haematococcus pluvialis, high light, astaxanthin, transcriptome, light signal pathway
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1.1 FAEIEKEMIERERNFH S &

ASZEG i Haematococcus pluvialis Flotow
1844 W H s siA: A s bty (JeE CCAP
RN < https://www.ccap.ac.uk/) , H 7 S2 56 25 {71
K FH BBM B3R5, 5552 44 0F R )65 25 umol/(m*s)
(LED [15%), 1R 2241 C, SE/mg M 12 h/12 h,
FHERE SRR RIS 2-3 IR EXTROEIH SRR, W
TE 15 AL T35 B A K T I A% 5 40 i 22 2o SRS Ak
24 h 5, EHERET BBM ¥kt , H4aikE
3 A EYFEE I HIE FIER KSR (LED Fk,
25 umol/(m?s)) . E % (390770 nm, 500 pmol/(m?s))
FIE % (420-500 nm, 500 pmol/(m?s)) 41
T, Fr2h g0 BN, FH PBS 28 mfii vhik
PR, FESFIRE TR gl 3 AN EY ¥
EREAIREMF . 28 Plant RNA Purification
Reagent i 7] & #F 17 5 RNA 2 B, I F]
Nanodrop2000 HEFT#E 4L (ODaso 5 ODago
FUAE) A, I 193t i M 8 s R A ) L 5 2
PE, HJ5H Agilent 2100 J%EH RIN {5, cDNA
SCIE Y S R FEAL i AR BUR A Y E BRN
HIRAFSER. FIFHAF Oligo (dT) MIm;EREFT
MRNA &%, AR mRNA BEALFT T,
B U — 2% cDNA &, #E 1 & AU 2% cDNA %,
I AMPure XP beads 4lifk. cDNA, izt &
ufE R, PEAT BN, il PCR & 4E
93] cDNA (. 2K Nlumina Hiseq-2000 X
Wy, Rz PE100.

1.2 WMHELEKRIERATEMLIERBHZ

o 38 I AR AT Y e R AR B S &
CASAVA T FR %] (Base Calling) Z3#rkk 1k M5
G775 (Sequenced Reads) iF ifii 4 3 4 i %
it . AITIGIC &t orAin etz sk Fy 4 L BRA3 3 A
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BOM 54 (Clean reads), R FH Trinity #{F (i
A v2012-10-05; Z#i% & : min_kmer_cov 2} 2,
HASHCNBRINSE) AT RAPHED, B
— SR, AR RIS iS5 78], B
T AR N IR A I SR AES Unigene, JEXT#%
AR K Unigene FK FEET 4011,
1.3 WMEAKERHEREAERNGEIR. 2ER
ER%SF5| (CDS) i

3151 Unigene 2£K 741 5 Nr.PDB .PIR .
PRF. Nt. Pfam., KOG. COG. KEGG K& GO %
s PEHEA T LEXTERE S 2025, 4% Unigene 1A 11
XFF K (1, JE1T ORF gt e $E; s R
estscan H /I ORF, T3 2 4% 1R Jy 51 Al 44 2k
2751 .

14 WELIKRREEREERERREREESE
DT

14 Trinity P15 B #E SRAE WS H TS,
K H RSEM R AFH4 B3 1) clean reads 557
75 #EA 7 E R B % bowtie B HE X 45 SR HETT GE 1T
PE— A5 50 T AR EEXT AN SR A read
count ¥t H , FEXtILiEAT FPKM $645 09 %00
A EE RS, YR TMM Xt read count
B IE TR AL, P DEGseq #1725 50>
Mr, 5 & B {f 4 qvalue<0.005 H.|log,FoldChange|>1.
K DESeq HEPALIX; HHEAT O/ 0E , 07 1 B 1
N padj<0.05. A4 SEEe H Y i 16 22 S B Y )
K H GO Fl KEGG #EAT & 4 /M7 o A 3 b 1 i
65T T T Az £1 3R A S5 2 R B Al Ak B
AR O 2 4 58 B A W B 2 e oo
(NMDCX0000104).,

15 FEAKEHEREPALZTARERERERSE
B BT K 5 4

FH v S5 AE ) RN LA O TP T RE B I Y O 2
. BAER A XILRE AR IR TS (RS
S UL 2% R B S1), SR A ACHL BLAST # R WA=

% : 010-64807509

CLBRBERE S PO AR R AR AR IEF 5,
GRS e, JFF TR 2 R
Rk,
1.6 EEZgEEERE qRT-PCR Wik
BEPLIEFE = L5 T =ik DEGs J:[H 6 4>
(PSY.BCH .BKT .DGAT1-1, DGAT2-2 , DGAT2-5).,
filkZ& ik DEGs %:[H 3 4~ (PEPS. 3-KCT. PKS),
FeZAKIER 2 4~ (PHOT, CPF-2) KHAfG54%
W HAEE AR 4 4 (WRKY-2 . MUB-2 .COP1,
SPAL), 3t 15 NS, MRS LK ¥ CDS 351
WOt E R T ) o I A 13Kk B-actin AF
HNSEE, TAENTIHAE TAY TR (RiE)
AR A G, 51PPI R 1. RAIEAEY
(SYBR Premix Ex Taq II) %)t sid il Gikfr
qRT-PCR |, #2P 44T : 95 C 10 min,
95 ‘C 5s, 60 ‘C 30s, 40 MfE¥f; 95 C 15,
60 C 1 min, 95 C 30s, 60 C 15s., & HEM
3 AT, SRAMER 27 R A R
P 72 h Z60FF R E AL IR B sk R

2 BREL

21 MEAKEEZRENF. #HiF. eI
EE&BmBFIImN

SO (N). &G (B) A&t (w) abR
ZHr 35715 4.0 G, 3.8 G % 3.6 G AIA R ER .
1 o PREEIRAS 131 385 PEESEA (transcripts) Fll
51 954 IEHE A FHIHEA (unigenes), FHHKJE K
F+2 000 bp 14351355 18 508 1~F1 4 284 4~ (% 2).

T 7 ANEAEEW T, JEF 20 537
unigenes £ NR, NT. KO, SwissProt, Pfam, GO
J KOG Z550ds e v 2=/ 1 A8 e i B oy
HFR IR F] 39.52%, HA#E GO, Pfam & NR %X
it BT R L 3 il i 3] 32.28% (16 772 5%) .
30.14% (15 660 %) % 28.32% (14 718 £%). A
1 424 %% unigene 7EITA B e RIAHERE, T B 1A
| 2.74% (3 3).
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*1 KHKE=Z qRT-PCREIY
Table 1 Primer sequences of gRT-PCR

DEGs Transcriptome data Gene name Sequence (5'-3") Size

Up comp57514_c0 PSY (phytoene synthase) F: CCAAACGCCAATAAGATAACG 442
R: TGCTCTGTCAAGCCAAACTG

Up comp56899 c0 BCH (beta-carotene hydroxylase) F: AATCAGCAAACTGCGGACGAA 149
R: TAGGTGGCAAGGATGGCAAG

Up comp57659_c2 BKT (beta-carotene ketolase) F: CAGTGTTCCTCCACGCCATTT 245
R: GCATACTCTGCCCAAGAAGT

Up comp59843_c2 DGAT1-1 (diacylglycerol acyltransferase) F: TATGTCAGGCAGCACGCCGGT 204
R: CCAATGGTGATGGAGCCAAA

Up comp54162_c0 DGAT2-2 (diacylglycerol acyltransferase) F: CTCCGTGGCGGTGATAGTAG 432
R: GATCTCCAGCGGCTTGTCCT

Up comp54843_c0 DGAT2-5 (diacylglycerol acyltransferase) F: TGTACCTACGCAAGCGCCACG 137
R: ACCCAGCGAACCAGCCAGTC

Down comp41479 _c0 PEPs (phosphoenolpyruvate synthase) F: CGCGCCGGGATCGAGGCCCAG 274
R: GAACCCCTGATGCACGCGAT

Down comp51697_cl 3-KCT (3-ketoacyl-CoA thiolase) F: GTGGCGCAGGCCGCCGACGC 258
R: CTGGATCGCGGCCATGGCCTTC

Down comp56566_c0 PKs (pyruvate kinase) F: TCTTTCCAGGGGCATCAGGACG 234
R: AAGGTCAGCCACTCCACGTC

Up comp61615_c0 PHOT (phototropin) F: TGATGCTACCCTACCTGATATG 323
R: TGACTGCCTTGCCCTCTGTTT

Up comp59629 _c0 CPF-2 (cryptochrome/photolyase family) F: GTGGCGGGATTTCTTTCGCTTC 209
R: CGTTCTGCCTGCCTCGGTTG

Up comp56997_c0 WRKY-2 (wrky) F: TCGGAGACCTTGCTGATGACG 295
R: CCCTTTACAAACTTCTGCCCA

Up comp57039_c0 MYB-3 (myb) F: TATTGGGCACTTAACTGTTTC 215
R: TTGCTGGCATTGGGTATCCTT

Up comp55814_c0 COP1 (constitutively photomorphogenicl) F: CGGATACAGGAGCACTTGGAT 310
R: GACGGCAGGTGAGTCTTGG

Down comp58791_cl SPA1 (suppressor of PHYA-105 1) F: TGCCATCTGATAGCTGGCT 241
R: TTCGGATTGGAATGCTTGCA

Control comp59437_c0 ACTIN (actin) F: AGCGGGAGATAGTGCGGGACA 189
R: ATGCCCACCGCCTCCATGC

R2 WELOKEFEFA transcript 1 Unigene B 51 K /)
Table 2 Sequence size (bp) and number of transcript and Unigene in Haematococcus transcriptome

Transcript length interval 200-500 bp 500-1 000 bp 1 000-2 000 bp >2 000 bp Total
Number of transcripts 51 222 30 279 31 376 18 508 131 385
Number of unigenes 32 284 8 412 6 974 4284 51 954

22 MEDKEREHEREEREFRESH
ik BN 22 S RGBT AR B, m DG vs IE
ALK 1 494 4> DEGs, Hrp By kR
(Up-regulated genes) %>k 732 4>, TiHEENA
(Down-regulated genes) % &N 762 4;

http://journals.im.ac.cn/cjbcn

5 G vs IE 41384845 1 255 4~ DEGs, Hri |
JEILIA (Up-regulated genes) il 664 1>, i
JL[H (Down-regulated genes) %A 591 15 &
e R vs I HILE R DEGs A 1 008 4~
(K 1A-B).
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F3 WMHELIEKEEFA Unigene BITHEE T RFITER
Table 3 Statistics of annotation results of Unigene
functional annotation in Haematococcus transcriptome
Number of Percentage
Unigenes (%)
Annotated in NR 14718 28.32
Annotated in NT 6 582 12.66
Annotated in KO 4151 7.98
11 145 21.45
Annotated in Pfam 15 660 30.14
Annotated in GO 16 772 32.28
Annotated in KOG 7 640 14.70
Annotated in all Databases 1424 2.74
20 537 39.52

Annotated in SwissProt

Annotated in at least one Database

A 1000
(1 Up-regulated
1 Down-regulated
- 800 r 732 762
%" 664
& 600} -
(=]
3
=
£ 400+
=
[}
=
= 200+
0
Bvs N Wvs N
B BvsN Wwvs N
486 1 008 247
1 MELIKESALFSTERERRESH

Fig. 1 Analysis of DEGs in Haematococcus transcriptome.

23 MEAKEHFEESREIEEMGOF
Both

R T WS AN [A] A B2 () ) S R T e 2% 5, X
iR FIRIKRAILFIIT GO IREHFRK . 4R

% : 010-64807509

N, B SXT M A 1 025 4> DEGs 1B
# GO AWt (BP). 4HiE4ls)r (CC)
FArFuhae (MF) 3 K6 For FR %L 511 4,
TR 514 4~ HBEVEAWEEA 30 4, H
AR R (BP) 8 4% A4l (CC) 20 45 Mo+
Hifg (MF) 2 %%, F2W N BREE A 2 s,

1 16 S0 BEg A He A 877 /> DEGs i GO
B 3 KA, Hop FIE 477 4>, TR
400 14~ (Bl 2), HBEVEESEMEA 34 5, Hrp4g
Yt (BP) 13 45. 4iffedlsyr (CC) 17 4TI
fig (MF) 4 %% . E2 90 I HLAGH B An &l 2A-B BT .
AR, ERELREIOLAEST, AN
+ WM KOG EM (Photosynthesis) . Jt&
Z 4 (Photosystem) . $T %A 1Li% 1 (Antioxidant
activity) K& Cifid 2 (Metabolic process).

24 WMEAKEREHREEFFRIZERN KEGG
BEOH

T BR AN W) A B A ) ) 22 5 2R 8 A
%, >R KEGG #1722 5 3Rk FE QI i w5 42 53
Pro &R BN (R 4), miEtH S IRAMLIL, It
A 1 328 PZEFAENTRE] KEGG ighy 218 4%
B RS Sk, FHod bR B s AW 5 44
Ol AR A EA  (Photosynthesis) A5G35 [
19 . #BEK (Ribosome) MEHEE 32 4. A
{1k 1k (Oxidative phosphorylation) #H 33t
26 4~ 2% N FE A AL (Carotenoid biosynthesis)
AHEFER 6 > LA FIR R & A% (Biosynthesis
of unsaturated fatty acids) AHICIHEE 3 4~; T3k
R 2 & 4R 19 5 4570 Sl 2 45 DNA K| (DNA
replication) A15¢3EMH 4 4~ A (Nitrogen
metabolism) FHOCIEH 4 4~ i (Carbon
metabolism) AHEHE 13 4. SGEVEF TP AgwR & E
(Carbon fixation in photosynthetic organisms) HH>¢
LR 7 A RemsnEftigt (Pyrimidine metabolism) AHG
LA 14 4 B DA SR RRAAR L, A 1121 4
2 S B ITERE ] KEGG 2 1Y 215 47 HAR ) 308
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(Oxidative phosphorylation) #H5&3E[H 22 4~ R i

SN HEMN 5 K0 EHaE DNA il

e, Hoh R E E AR 5 A5 SOl A

Y64 VER (Photosynthesis) AHSEHER 15 4>, 64

Ve RZEE (Photosynthesis-antenna proteins)

i e A
A A
A R

(Nitrogen metabolism) MCHERF 4 KT

(DNA replication) AR 13 4,
(Pyrimidine metabolism) AH3CHE[H 11
(Carbon metabolism) AHCHH 12

FHOCEELR 7 4> Be TR G A (Fatty acid biosynthesis)

MHRHEER 5 A~ KHE MRS (Carotenoid

biosynthesis) AHICHRE 5 4~ & & AL #E 2 1k
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T4 MEAKREEREEE KEGG E£1@K

Table 4 The significant KEGG enrichment pathway in Haematococcus transcriptome

Group KEGG ID Annotation description P-value Gene number
B vs N Up ko00195 Photosynthesis 1.52E-10 19
B vs N Up ko03010 Ribosome 1.38E-15 32
B vs N Up ko00190 Oxidative phosphorylation 2.36E-05 26
B vs N Up ko00906 Carotenoid biosynthesis 3.25E-10 6
B vs N Up ko01040 Biosynthesis of unsaturated fatty acids 2.34E-16 3
B vs N Down ko03030 DNA replication 5.64E-23 16
B vs N Down k000910 Nitrogen metabolism 1.87E-15 4
B vs N Down k001200 Carbon metabolism 2.98E-02 13
B vs N Down ko00710 Carbon fixation in photosynthetic organisms 3.54E-09 7
B vs N Down k000240 Pyrimidine metabolism 5.64E-36 14
W vs N Up ko00195 Photosynthesis 2.39E-24 15
W vs N Up k000196 Photosynthesis-antenna proteins 4.65E-42 7
W vs N Up ko00061 Fatty acid biosynthesis 2.98E-19 5
W vs N Up ko00906 Carotenoid biosynthesis 5.67E-12 5
W vs N Up ko00190 Oxidative phosphorylation 2.54E-11 22
W vs N Down ko03030 DNA replication 6.68E-05 13
W vs N Down k000240 Pyrimidine metabolism 8.25E-09 11
W vs N Down ko01200 Carbon metabolism 3.25E-54 12
W vs N Down ko00910 Nitrogen metabolism 2.48E-08 4
W vs N Down ko04744 Phototransduction 1.24E-04 2

(Phototransduction) #HCIERH 2 4, HiAS 5 8%
AR A SE R LR 2 (WL RR) . AR A
Tt 2 G 2 m i, & FIHRBEREY
KEGG & Al ILA IR & M 5% MR
A BGE S, BN S TS N A LIRS TP 2R b
F AR IR (1 A 5 1 e SL PR 1Y) i 2R AN AT 43

25 WMELAKEALZTHREREZRESERRIE
S

TP EE S Z AR AR 5, I 2R E
VESE B A Je RO S R 58, S1RMHAD
5% SEaEmG, EmmEEE YRS, RE
PRIAE e oy A R AR . FRATTHE DU RN AR 2T R P A
TERAARYAE S B 5 5 Sl B, B LI HAR N iy
HZR K HAEE AT 11240 5 22 3R 0 .

FATHE TR A £ LR A BRI L T 94>
e R FEIER (B 3 FiEk 5), fu#E 1 Az
&% % PHOT (Phototropin) . 7 4MFade 4.2 556
f# i CPFs (Cryptochrome/photolyase family) 7

% : 010-64807509

14~ UVR8 (UV resistance locus 8) i, Hi
PHOT #1 UVR8 LLH.$% DB A7 HE, T CPFs LA
ZH IR B2 IRRIEEAER CRY BT
WA RGBT CPF R, 16& LT 5 /K-
5% PHO (Photolyase) 77 7E M & Al I

i A o — 2 P 8 L X AT &mr7prF%
R 51 S E T 2 M HE 2 A CRY i 11~ DASH
HH CRY, HAMZEA! CPF A 51 T A2 4
X AR, B IokiE—B #1702 % e .
L SRFRKIKMHEY], PHOT #l CPF-2 £ 5 6 1B S
TEIHEE®mEE (0 FE 26-3.2 £5A
3.7-5.6 %), ifi CPF-3 #ll CPF-4 1£ 5615 S Mk
#ik (NH0.5-3.2 %) A & , UVR8 Fl CPF-1
ITER G T ik, k3] 2.3 F1 3.8 fiF,
I CPF-5 Fll CPF-6 {X7E & FOG T &k, 43 jlis
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Fig. 3 The predicted photoreceptor gene and structure domain in Haematococcus transcriptome.
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Table 5 Information for the prediction photoreceptor and interacting protein in Haematococcus transcriptome
Gene Transcriptome B vs N Wvs N Gene Transcriptome B vs N Wvs N
data (logz.Fold)  (log,.Fold) data (logy.Fold)  (log,.Fold)
PHOT comp61615_c0 3.2 2.6 CPF-1 comp59741_c0 3.8 1.2
CPF-2 comp59629_c0 5.6 3.7 CPF-3 comp58616_c0 -3.2 -2.4
CPF-4 comp59582_c0 -0.5 -1.2 CPF-5 comp57508_c1l -2.5 3.4
CPF-6 comp51104_c0 -2.3 5.1 CPF-7 comp59815_c2 -1.4 -2.1
UVR8 comp58392_c7 2.3 1.5 COP1 comp55814_c0 24 1.9
COPS8 comp57867_cl 0.5 24 COP9 comp59015_c0 0.7 21
COP13 comp54442_c0 2.8 1.9 SPA1 comp58791_cl -2.1 -3.5
HY5 comp59348_c0 2.1 3.5 WRKY-1 comp60211_c0 2.7 -3.4
WRKY-2 comp56997_c0 5.2 4.6 MYB-1 comp58792_c2 -2.5 -1.9
MYB-2 comp59976_cl 2.9 3.2 MYB-3 comp57039_c0 6.5 4.8
MYB-4 comp58936_c1l -1.3 -0.9 MYB-5 comp59790_c0 3.2 -15
BBX21 comp56830_c0 3.5 1.8 CO comp56830_c0 3.5 1.8
CSN5A comp55852_c0 35 1.2 CUL4-1 comp57138_c0 -2.2 -3.5
CuUL4-2 comp60689_c0 -2.6 -3.1 CUL4-3 comp60068_c0 -2.2 -15
DDB1A comp61166_cl -0.3 -1.2 DDB1B comp61620_c0 -2.3 -15
RUS1-1 comp57987_c0 -0.7 -1.2 RUS1-2 comp58436_c6 -15 -2.3
RUS1-3 comp61012_c0 -0.2 -1.2 ELI1 comp47965_c0 0.8 3.2
LHCSR1 comp54240_c0 4.5 3.9 PIN3 comp55142_c0 -2.1 1.9
PSBS2-1 comp62091_c0 4.8 5.6 PSBS2-2 comp53715_c0 25 3.2
PSBS2-3 comp53715_cl 5.2 4.6 PSBS2-4 comp61375_c0 1.4 2.5
DET1 comp55757_cl1 -15 -2.3 RPT2-1 comp56679_c0 2.7 -12
RPT2-2 comp58847_c0 0.4 -1.2 RPT2-3 comp56653_c0 1.8 1.3
RPT2-4 comp56850_c0 2.5 3.4 RPT2-5 comp56882_c0 1.9 1.6
RPT2-6 comp60352_c0 1.8 -2.5 RPT2-7 comp60015_c2 -0.5 -2.1
RPT2-8 comp59654_c2 1.6 1.2 RPT2-9 comp50090_c0 -1.2 -0.9
RPT2-10 comp60912_c0 2.2 2.6 RPT2-11 comp56654_c1 -1.9 -0.5
RPT2-12 comp52939_c0 -2.4 -1.2 RPT2-13 comp56654_c2 -0.6 -0.9
RPT2-14 comp462307_c0 0.6 25 RPT2-15 comp58999_c5 -13 -2.4
ABCB19-1 comp61151 c0 1.3 -2.1 ABCB19-2 comp59851_c4 1.2 0.2
ABCB19-3 comp57437_cl 2.2 1.9 ABCB19-4 comp60106_c0 -3.2 -2.5
ABCB19-5 comp58093_c0 -0.1 -1.2 ABCB19-6 comp58498_c4 -0.8 -1.5
ABCB19-7 comp61335_c0 1.8 -2.3 ABCB19-8 comp61560_c1 -0.4 -1.2
ABCB19-9 comp62001_cl 2.7 3.2 ABCB19-10 comp61093_cl -7.2 -3.4
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Fig. 4 The qRT-PCR verification of differential expression of genes.
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Fig. 5 Differential expression of genes encoding photoreceptors and interacting proteins in H. pluvialis.

% : 010-64807509

. cjb@im.ac.cn



1274 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244k  Chin J Biotech

“VefE 5otk ->HAEER (BN T 85
TP R S IR 1) — H AR LI IR 3R 5K — A 3
BRI 5 e Tl % ] BES 5 R A LD R X
Jeryma N AR, PR E KRR, EHEE
PR FIAL A i 5 20— R BIE

4 Hh

BT R AR LD ERBE RO TS T BFE s B
AR LA FIEHER TSGR b
RAH. IRIIMR G . AR . DNA S
T AR e A S R 1 D REJE I ) 3R A L B
FHEES . Wikt ENALLEREE P E
TREDESZ A RIS S5 S EARER,
NF — I SESL N B DD REDF S AR M T i I
[G] f 0 A2 4 I A5 5 - e Z M- EARER (3%
N T BH e AT T - R ) — H bR 2
P IK — A B R 1 £ 5 % Sl i T BES 5 W
HEZTERBERT G R B A, T R PR R A
TR, S MIES RS JEE T e D67 S 1 AR 21 3K
RS R R R HLER 29 5E T kA, [HHAK
FR P FHBILA i 5 2 it — 2P BRIk

REFERENCES

[1] Shah MMR, Liang YM, Cheng JJ, et al.
Astaxanthin-producing green microalga Haematococcus
pluvialis: from single cell to high value commercial
products. Front Plant Sci, 2016, 7: 531.

[2] zhang Z, Wang BB, Hu Q, et al. A new paradigm
for producing astaxanthin from the unicellular green
alga Haematococcus pluvialis. Biotechnol Bioeng,
2016, 113(10): 2088-2099.

[3] Lemoine Y, Schoefs B. Secondary ketocarotenoid
astaxanthin biosynthesis in algae: a multifunctional
response to stress. Photosynth Res, 2010, 106(1/2):
155-177.

[4] 2, . WAL RIS KA st .
H ) TAE2E 4, 2019, 35(6): 988-997
Jiang S, Tong SM. Advances in astaxanthin
biosynthesis in Haematococcus pluvialis. Chin J

http://journals.im.ac.cn/cjbcn

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Biotech, 2019, 35(6): 988-997 (in Chinese).
Solovchenko AE. Recent breakthroughs in the
biology of astaxanthin accumulation by microalgal
cell. Photosynth Res, 2015, 125(3): 437-449.

Xi TQ, Kim DG, Roh SW, et al. Enhancement of
astaxanthin  production using Haematococcus
pluvialis with novel led wavelength shift strategy.
Appl Microbiol Biotechnol, 2016, 100(14): 6231-6238.
Hu CY, Cui DD, Sun X, et al. Transcriptomic
analysis unveils survival strategies of autotrophic
Haematococcus pluvialis against high light stress.
Aquaculture, 2019, 513: 734430.

Cui HL, Yu XN, Wang Y, et al. Evolutionary
origins, molecular cloning and expression of
carotenoid hydroxylases in eukaryotic photosynthetic
algae. BMC Genomics, 2013, 14(1): 457.

Cui HL, Yu XN, Wang Y, et al. Gene cloning and
expression profile of a novel carotenoid hydroxylase
(CYP97C) from the green alga Haematococcus
pluvialis. J Appl Phycol, 2014, 26(1): 91-103.
Lepetit B, Dietzel L. Light signaling in
photosynthetic eukaryotes with ‘green’ and ‘red’
chloroplasts. Environ Exp Bot, 2015, 114: 30-47.
LA, BRZE, 0k, 45, B2 A
Uisettotik e, A WHoRiE, 2017, 33(4): 51-62.
Cui HL, Chen J, Hou YL, et al. Research progress
on blue light receptors and their functions in
eukaryotic microalgae. Biotech Bull, 2017, 33(4):
51-62 (in Chinese).

Fernaandez MB, Tossi V, Lamattina L, et al. A
comprehensive  phylogeny reveals functional
conservation of the UV-B photoreceptor UVRS8
from green algae to higher plants. Front Plant Sci,
2016, 7: 1698.

Han X, Chang X, Zhang ZH, et al. Origin and
evolution of core components responsible for
monitoring light environment changes during plant
terrestrialization. Mol Plant, 2019, 12(6): 847-862.
Okajima K. Molecular mechanism of phototropin
light signaling. J Plant Res, 2016, 129(2): 149-157.
Wang Q, Lin CT. Mechanisms of cryptochrome-
mediated photoresponses in plants. Annu Rev Plant
Biol, 2020, 71: 103-129.

Oliveri P, Fortunato AE, Petrone L, et al. The
cryptochrome/photolyase  family  in  aquatic
organisms. Mar Genomics, 2014, 14: 23-37.



BEOR S EEMEI RIS SN ENES EREREDT 1275

[17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

s

Li FW, Rothfels CJ, Melkonian M, et al. The origin
and evolution of phototropins. Front Plant Sci, 2015,
6: 637.

Kianianmomeni A, Hallmann A. Algal photoreceptors:
in vivo functions and potential applications. Planta,
2014, 239(1): 1-26.

Huang K, Merkle T, Beck CF.
characterization of a Chlamydomonas gene that encodes
a putative blue-light photoreceptor of the phototropin
family. Physiol Plant, 2012, 115(4): 613-622.

Luo QL, Bian C, Tao M, et al. Genome and
transcriptome sequencing of the
producing green microalga, Haematococcus pluvialis.
Genome Biol Evol, 2019, 11(1): 166-173

Lee C, Ahn JW, Kim JB, et al. Comparative
transcriptome analysis of Haematococcus pluvialis
on astaxanthin biosynthesis in response to
irradiation with red or blue led wavelength. World J
Microbiol Biotechnol, 2018, 34(7): 96.

Cui DD, Hu CY, Zou ZM, et al. Comparative
transcriptome  analysis
underlying the promoting effect of potassium iodide
on astaxanthin accumulation in Haematococcus
pluvialis under high light stress. Aquaculture, 2020,
525: 735279.

Zhao Y, Hou YY, Chai WJ, et al. Transcriptome
analysis of Haematococcus pluvialis of multiple
defensive systems against nitrogen starvation.
Enzyme Microb Technol, 2020, 134: 109487.

Li QQ, Zzhang LT, Liu JG. Comparative
transcriptome analysis at seven time points during
Haematococcus pluvialis motile cell growth and
astaxanthin accumulation. Aquaculture, 2019, 503:
304-331.

Li QQ, Zhang LT, Liu JG. Examination of
carbohydrate and lipid metabolic changes during
Haematococcus pluvialis non-motile cell
germination using transcriptome analysis. J Appl
Phycol, 2019, 31(1): 145-156.

He BX, Hou LL, Dong MM, et al. Transcriptome
analysis in Haematococcus pluvialis: astaxanthin
induction by high light with acetate and Fe®". Int J
Mol Sci, 2018, 19(1): 175.

Gao ZQ, Li Y, Wu GX, et al. Transcriptome
analysis in Haematococcus pluvialis: astaxanthin

Isolation and

astaxanthin-

unveils  mechanisms

010-64807509

[28]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

induction by salicylic acid (SA) and jasmonic acid
(JA). PLoS ONE, 2015, 10(10): e0140609.

Cheng J, Li K, Zhu YX, et al. Transcriptome
sequencing and metabolic pathways of astaxanthin
accumulated in Haematococcus pluvialis mutant under
15% CO,. Bioresour Technol, 2017, 228: 99-105.
Grabherr MG, Haas BJ, Yassour M, et al.
Full-length transcriptome assembly from RNA-Seq
data without a reference genome. Nat Biotechnol,
2011, 29(7): 644-652.

Li B, Dewey CN. RSEM: accurate transcript
quantification from RNA-Seq data with or without a
reference genome. BMC Bioinformatics, 2011, 12: 323.
Trapnell C, Williams BA, Pertea G, et al. Transcript
assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching
during cell differentiation. Nat Biotechnol, 2010,
28(5): 511-515.

Anders S, Huber W. Differential expression analysis
for sequence count data. Genome Biol, 2010, 11(21):
R106.

Rao XY, Huang XL, Zhou ZC, et al. An
improvement of the 2(-delta delta CT) method for
quantitative real-time polymerase chain reaction
data analysis. Biostat Bioinforma Biomath, 2013,
3(3): 71-85.

PRZE, FBAEZL, XIEER, 4. FOAEZDBRUEARE 55 )%
FEEAFEE . FEAY TRELE, 2018, 38(7):
21-28.

Chen J, Zheng HJ, Liu YM, et al. The analysis of the
low coverage Haematococcus pluvialis draft genome.
China Biotechnol, 2018, 38(7): 21-28 (in Chinese).
Takahashi F, Yamagata D, Ishikawa M, et al.
Aureochrome, a photoreceptor required for
photomorphogenesis in stramenopiles. Proc Natl
Acad Sci USA, 2007, 104(49): 19625-19630.
LI, BRZE, FMGE, 5. MAZIEREE PHOT Y
BE DR v B AN AR WA B A e . P R RO A R
2017, 30(12): 2639-2647.

Cui HL, Chen J, Wang LP, et al. Gene cloning and
bioinformatics analysis of novel blue photoreceptor
phototropin  from green alga Haematococcus
pluvialis. Southwest China J Agric Sci, 2017, 30(12):
2639-2647 (in Chinese).

Huang KY, Merkle T, Beck CF. Isolation and

. cjb@im.ac.cn



1276 ISSN 1000-3061 CN 11-1998/Q A4 T #2244 Chin J Biotech

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

characterization of a Chlamydomonas gene that encodes
a putative blue-light photoreceptor of the phototropin
family. Physiol Plant, 2002, 115(4): 613-622.
Kianianmomeni A, Hallmann A. Transcriptional
analysis of Volvox photoreceptors suggests the
existence of different cell-type specific light-signaling
pathways. Curr Genet, 2015, 61(1): 3-18.

Sullivan S, Petersen J, Blackwood L, et al.
Functional characterization of Ostreococcus tauri
phototropin. New Phytol, 2016, 209(2): 612-623.

Im CS, Eberhard S, Huang KY, et al. Phototropin
involvement in the expression of genes encoding
chlorophyll and carotenoid biosynthesis enzymes

and LHC apoproteins in Chlamydomonas reinhardtii.

Plant J, 2006, 48(1): 1-16.

Beel B, Prager K, Spexard M, et al. A flavin binding
cryptochrome photoreceptor responds to both blue
and red light in Chlamydomonas reinhardtii. Plant
Cell, 2012, 24(7): 2992-3008.

Asimgil H, Kavakli IH. Purification and
characterization of five members of photolyase/
cryptochrome  family  from  Cyanidioschyzon
merolae. Plant Sci, 2012, 185/186: 190-198.

Juhas M, Von Zadow A, Spexard M, et al. A novel
cryptochrome in the diatom Phaeodactylum
tricornutum influences  the regulation of
light-harvesting protein levels. FEBS J, 2014, 281(9):
2299-2311.

Coesel S, Mangogna M, Ishikawa T, et al. Diatom
PtCPF1 is a new cryptochrome/photolyase family
member with DNA repair and transcription regulation
activity. EMBO Rep, 2009, 10(6): 655-661.

Hang W, Gujar A, Zhang HJ, et al. Cloning,
expression, and characterization of a novel plant
type cryptochrome gene from the green alga
Haematococcus pluvialis. Prot Exp Purif, 2020, 172:
105633.

SR, Bufli, TR, SF. WIAZLEREE UVRS 1Y
I IR v B R A W 0 B o B T RO A A
2019, 32(9): 2025-2032.

Zhang HJ, Hang W, Ma HT, et al. Gene cloning and
bioinformatics analysis of novel ultraviolet-B
photoreceptor uv resistance locus 8 (UVR8) from
Green alga Haematococcus pluvialis. J Southwest

http://journals.im.ac.cn/cjbcn

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

Agric, 2019, 32(9): 2025-2032 (in Chinese).

Yang Y, Zhang LB, Chen P, et al. UV-B
photoreceptor UVRS interacts with MYB73/MYB77
to regulate auxin responses and lateral root
development. EMBO J, 2020, 39(2): €101928.

Yang Y, Liang T, Zhang LB, et al. UVR8 interacts
with WRKY36 to regulate HY5 transcription and
hypocotyl elongation in Arabidopsis. Nat Plants,
2018, 4(2): 98-107.

Yan Y, Li C, Dong XJ, et al. MYB30 is a key
negative regulator of Arabidopsis photomorphogenic
development that promotes PIF4 and PIF5 protein
accumulation in the light. Plant Cell, 2020, 32(7):
2196-2215.

Song ZQ, Bian YT, Liu JJ, et al. B-box proteins:
pivotal players in light-mediated development in
plants. J Integr Plant Biol, 2020, 62(9): 1293-1309.
Lin F, Jiang Y, Li J, et al. B-BOX DOMAIN
PROTEIN28 negatively regulates photomorphogenesis
by repressing the activity of transcription factor HY5
and undergoes COP1-Mediated degradation. Plant
Cell, 2018, 30(9): 2006-2019.

Xu DQ, Jiang Y, Li JG, et al. BBX2l, an
Arabidopsis B-box protein, directly activates HY5 and
is targeted by COP1 for 26S proteasome-mediated
degradation. Proc Natl Acad Sci USA, 2016, 113(27):
7655-7660.

Qin NX, Xu DQ, Li JG, et al. COP9 signalosome:
Discovery, conservation, activity, and function. J
Integr Plant Biol, 2020, 62(1): 90-103.

Huang X, Ouyang XH, Yang PY, et al. Conversion
from CUL4-based COP1-SPA E3 apparatus to
UVR8-COP1-SPA complexes underlies a distinct
biochemical function of COP1 under UV-B. Proc
Natl Acad Sci USA, 2013, 110(41): 16669-16674.
Tong HY, Leasure CD, Hou XW, et al. Role of root
UV-B sensing in Arabidopsis early seedling
development. Proc Natl Acad Sci USA, 2008,
105(52): 21039-21044.

Inada S, Ohgishi M, Mayama T, et al. RPT2 is a
signal transducer involved in phototropic response
and stomatal opening by association with
phototropin 1 in Arabidopsis thaliana. Plant Cell,
2004, 16(4): 887-896.

(AT BT



