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FUARERTE(3 d. 6 d F1 9 d)EhNaChBHa X ML LI BR A K . IFE R E | BIAE - LEF(Ley). g-#HE b
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L Y (G SH-Px) 9 76 M LA B TN - (MDA) & s B o 45 SR 0, 45 v isf [ A 9 25 21 3K i 14 2% B Y B 35 6 e
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A FIER BL Ak 2 B, I e &8 R =010 R
T B il R 3k kX N AT A KA v R AR 2T Bk
WA RIA R . 7ok, £ 1 e A
HEFR AR LR P A AU R Y RIE, 38 230k Hobt
AL RGERHOE 2 T ALk $2 = e b AL
BE 1o SCIG R B ER Wi 25 T W AR ZDBRE S LR
HREMFBz—0 "L H R0 X A 21 Bk
R 2R B 1) S e PR 9 58 e 4L Ak i T 12 119
SR A7 1 A DL ARG o A S0 7 15 S H A 9T
(R REAE b, BRIT T ASIRI M BE (9 55 Wy 28 X W 2F 21 3k
FAERK  MFEEME | Ley. CriR-B Ml Bkt FEHFE
ik, HEY B ALEESOD) ., i A AL E B (CAT) I
A5 6 H K S W (G SH-Px) B9 16 2 LA B2 T
(MDA) Fr it 152, LA Ay ) B W A 21 1R 8 5 2%
B IR R B 4 FIAILEE L K R AR 21 3R 388 AR 1 4%
P E AL Z 18] 7 5C R HR A — 2 1 3 LAt

1 #MHEFE

1.1 WAEIKEMES

T A= 21 BR 5 (FACHB-874) J5 5 Fh Il T v [ )
25 B K AR A WU I IR K B 2 o B Ak T X A
KA e A LUE S AR R AR 4 A MVA B s
BRI SR BERIRE 25°C . OB5E 2000 1x . DGR
B 12h: 120 O : ). RIS 1~2 K.,
1.2 R4 LIBRGER RO iE 4 12

15 I Z B K G TR A 4T R (O
5x10° cell/mL) 3800 g #§.> 5 min, JLHEMY AN
7E 250 mL BHEIE R 2T 150 mL OB & A
AN TR e B AL B (NaC) R 85 55 kv fofi 2 b o
P Hg 1.5%10° cell/mL, $RJ5 BEATER 30 5256 . By
EACKEE 1 AKTHRAL R 4 ARG, SRR
R B 2 BN A NaCl, i F 20k BE 2 5114 0.04
mol/L. 0.08 mol/L. 0.12 mol/L 11 0.16 mol/L, X
HRZE HPASfin NaCl, $R¥EEEH 0 mol/L, R4 4% 3
ANEE . WAL BRI RSN 9 d, KR
BHRIM 1~2 K, B7i-4nienhee, 257 5350
553 K6 KM 9 RAGII S | 7 bl .
TR INE RS E . TR p- L (Ley).
BB N ZEBALHE(CrtR-B)FI B-HH 3 |~ Z i Ak il
(Bkt)FE PRy HXT Rk i . AL L EF(SOD) |

it & b & W (CAT) Al & B B K 5 440 1k ) Tl
(GSH-Px) 13614 LA S PN i (MDA) Y % &
1.3 EBFE. BTAMETRHNE

FH M BR O 4T AT RO o e R
AR LLER PG SR 780 2 51 )R L 5 mL AU
H, 4% 86 T [ R SRR AL, AE BT B
BX61 MU W5 Fit4L, #EH 2R, IS
T BASEE L 3 R, BOEE . [RB7E 1
BN AR AN T AR Ak, TR T L R E
2%,
14 MEFERESENE

%M Boussiba 2L K 41 )y vk
W2 R 2 A, B 20 mL 3%, 3000 r/min 250>
10 min, 7 L35 - BEUUTE A 5% KOH 1 30%
B L)Y BEIR 28 R, B0 R DTTE o ) 2 0
FHMAL 3 mL &AL 1 0
(DMSO), #2757, 70°C AR 5 min, PRI FEA B+
SIEDAE, GBI RIS A 10 mL 255
. PO A DMSO 2 &2 R £k & ik
KA, RIEEEE.C, WE R a0 1 IERAH
THILWISE RS, A 1 em YR @I,
TE 492 nm I T I E W FE (R Ag00, DMSO (25
FXF R, IR R B E AKX C=(4490x
1000)/( 4o, x100); Hrr, € Fers A AR 4R
H RO (mg/mL); HGRE A S =2220; Asgr H
492 nm 4t 1 em JZ IR G PIOGE . 53 8 20 mL
B, B, LT, BUUET SoOCHL T EHE,
FREE SR 2T D AR LL R T8, &
JE IR A e A e T E T H AN R 2
Te A (mg/g T ),
15 TWEAKENEZREMEXEBEREMNRIE
ST

HE IR 3k 40 M R S 96 % 8 B PCR(qRT-
PCR)%: ., H primer 5.0 #{F 347 qRT-PCR 5|¥i%
i, BIFFI0LER 1, 519t e e Wi AR T
FENFIA . A Trizol BedREUA [ B £h Wit 4b
PR A 2T Bk RNA, A5 %5 & Prime-
Script®RT reagent Kit with gDNA Eraser (TaKaRa,
Dalian, China)i# 7 cDNA 45 —45 194 .. Lk cDNA
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*1 SRRKAEE PCRSIHFT!
Tab.1 Thesequencesof primersfor real-time quantitative PCR

5194 ST A(5-3) S IR/ C NCBI % 5 & Py fop
primer name primer sequence (5'-3") Tm GenBank ID product length
Ley-F TGGAGCTGCTGCTGTCCCT 61 AY 182008 146
Ley-R GAAGAAGAGCGTGATGCCGA
CrtR-B-F ACACCTCGCACTGGACCCT 62 AF162276 147
CrtR-B-R GTATAGCGTGATGCCCAGCC
Bkt-F CAATCTTGTCAGCATTCCGC 61 AY 603347 140
Bkt-R CAGGAAGCTCATCACATCAGAT
18s-F CAAAGCAAGCCTACGCTCT 60 AF159369.1 119
18s-R ATACGAATGCCCCCGACT

Jidz, FIH] SYBR Premix Ex Tag™ (TaKaRa,
Japan)il H & 76 CFX96™ L #¢ & 8 PCR Y
(Bio-Rad, USA) #4744, N F&MFN: 95°CT
AEME 30 s; 95°C 55, 60°C 30 s, 40 IMEH; 95°C
10s; Bfhizk: L 0.5°C/ls M 65 CLEIEHENE] 95°C,
PL18S BN Z, BAFEMIE 3 AP, &
PR AR 26 ik R 2 ikl T
1.6 MEEENRBRMSEANNE

BB LA 5000 r/min #5000 10 min, 3% LG, ¥
PUET AT 0.05 mol/L Wil %% ik (PBS,
pH 7.8), UKV 45T 7 ik ol R 9 A Y R 7R T
12000 r/min B0 10 min, 75 7 A HL G 42 BUR,
4CIAE R SR BOR Y B & i 5 D52
W G-250 $EUSHEATINE, AR e SR O 2F I R
FH(BAS, 4T BBI A H]),
1.7 mEMAEFHEFM MDA SE28NE

SOD 7% 14 FE 20 W DU e Y6 Ak 258 iR i i)
PEATINAE, DA 2 5 2 1 BE 5 | e S 0 4 5 B > 41
IS A B A 14 SOD 3% 1807 (U/mg 2 1)
CAT 53R A e B PO AT, A%
2o R AT Ay FFE 0.01 4 1 4~ CAT %
J1¥A(U/mg 1), GSH-Px iR FH G 2L i AL
A T AR IR & AT R, T vk S ™
ULEA A, DL o 22 5 A 1 0 B A g S AR
FH. AR GSH WEEFEME 1 pmol/L 2 1
A~ GSH-Px i /1 8.4 (U/mg #E H) MDA & &
R IRRAR B e 2 ik PN, ) R 3 T g 1o
ALY MDA A SR 22 IR B A AT
7Y, E 532 nm A B KW (pmol/mg F 1)

1.8 HEAE

SIS HAE LU B bR E 25 (X £SD)FRR, R
FH2A 207 22 BT (ANOVA) AT Se 2416 50,
FH SPSS20.0 XA HEAT 5 B BE i3 B AT 5 4%
F % 22 0] 1) B2 SR b (Pearson) M OC 28U, Fiil2¢ 5
EVEARTRE P<0.05 R B AR

2 #RE5HW

2.1 EpMBX A LIBREE KRN

NG SEEN ) SER O R sea ks & Ya sk :0p-A TN
2. Bk £R 036 2H.(0.04 mol/L NaCl) i) i %
JE 1075 4k 5 % BEZ4H.(0.00 mol/L NaCD)AH{, FEE
AR RE K, 5% 2 RS . T 0.08 mol/L .
0.12 mol/L F1 0.16 mol/L NaCl fifp3f1 4 i) 34 %55 & 184
Koetg, HA 9 RIFMBER 55 6 KA AR
FRET o A5 oA BT[] F 3 % R A B A AR 3 v
(R8N 8 T R o BRI BET - R I RE & £R W ah vk
JE TS TR FBAR 2 B () %) 92 177328 47 FH 57 - 0.04 mol/L
NaCl 30 2 A% BEZHAE 9 A IFIR] N 24 K H B
Bh#1F, 1M 0.08 mol/L. 0.12 mol/L £ 0.16 mol/L
NaCl il 4765 6 KA 9 KREFH K= AIA B
17, JuHJE 0.12 mol/L 1 0.16 mol/L NaCl fif}if1
I BEANEAES 9 KIT5E 2FE A WA ST
2.2 EEMBEXNHAELKENSEERNZIE

A TR, FEER a9 A 3 KRS 6 K, Xf
MR 8 R R I B MR R, (H R A 2D BR i iR R
o B A R W 30 vk BE Y 1S o 2 0 =, A
0.16 mol/L NaCl Bl ik 3 ix KM, R E & T
WG AMIE e BE R 138 4H.(0.04 mol/L F1 0.08 mol/L
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Tab. 2 Effects of different concentrations of salt stress on the growth of H. pluvialis
n=3; X £SD
Kb W6 sl /d NaCl ¥ J#/(mol-L™") salt concentrations
growth index stress days 0.00 0.04 0.08 0.12 0.16
BB FE/(x10°-mL™") 3 6.53+0.85 6.22+0.91 3.46+0.46 3.52+0.21 3.49+0.38
algal cell density 6 10.52£1.05 9.87+0.83 5.29+0.37 4.23+0.39 3.38+0.54
9 12.91+£0.94 12.03+£0.92 4.58+0.24 3.23+£0.28 3.06+0.19
BET /% 3 0.00+0.00 0.00+0.00 0.2440.03 0.274+0.06 1.83+0.08
mortality rate 6 0.00+0.00 0.00+0.00 5.25+0.09 10.63+0.15 25.36+0.19
9 0.55+0.05 1.08+0.05 28.53+0.21 30.75+0.46 42.36+0.74
T LL1/% 3 0.00:£0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+0.00
aplanospore proportion 6 0.00+0.00 0.00+0.00 45.25+0.15 48.98+0.47 53.54+0.93
9 0.00+0.00 25.324+0.58 90.62+0.32 100.00+0.00 100.00+0.00
4r 240 - a
. [CO%+HE4H control [10.04 mol-L* NaCl 8 X} #84H control [30.04 mol'L! NaCl ,
_§ |E20.08 mol-L!NaCl HMO.12 mol-L! NaClab 2 &  |EH0.08 mol-L~' NaCl EM0.12 mol-L~' NaCl
]_iﬂllﬂ 'g 3 (m0.16 mol-L! NaCl o 3 30 M 0.16 mol-L! NaCl
— [S) 0
'_lt}D 5 n=3; x£SD a be ﬁ T;; 7=3; %4SD
té‘) b= be r2
= 2 2 c < E g20f
0 5 K 7
4“1 =] w %
% g e X
1T a S glor
= g b ab d d =
£ c 5 b b I:ib ab 2
0 =0
6 9 3 9
i Bt A]/d stress time 3B R A]/d stress time
B #Hha T A BRI R AR ARk B2 BB E X T AR 2D R Loy KPR 3Rk Y 52

AN BRI — B3 B 6 A9 AN [ b B ] 2% 5 2 3%, P<0.05.

Fig. 1 Changes of the astaxanthin content in

H. pluvialis under salt stress
Different letters mean significant difference among
treatments at the same stress time, P<0.05.

NaCl, P<0.05), fEERHAMEE 9 K, WiEZ0ERE
T 28 st Bl 2 e B ) 348 Jon i i T
£ 0.16 mol/L NaCl Jipitl 405 Bl fe K MH, IF & =
T 2 M B2 £R 330 44.(0.04 mol/L F1 0.08 mol/L
NaCl)FIX} FEZ1 (P<0.05). £k FE £ 3 41 1 iR 7
RIS 9 Kigs, 55 6 KikZ, 55 3 KiK.
23 EMMBTWAOKENEZAMMBEXEE

FH qRT-PCR 7735008 T $h Wi T f A= 418k
¥ Ley. CrtR-B 1 Bkt 3[R ik & 1) 22 fb (] 2~
4). Ley FEF P FRTEAEEMA Y 3 K, 0.16 mol/L
NaCl Jipift 41 3% = T X B 41(P<0.05); 7E: 0
A6 6 K, 0.12 mol/L #10.16 mol/L NaCl 361 2H &

AT} A QR [ — 30 s ) A [ Ak JL2H 1] 22 5 2 35, P<0.05.
Fig. 2 Effect of salt stress on the expression
level of Lcy gene in H. pluvialis
Different letters mean significant difference among
treatments at the same stress time, P<0.05.

w
(=]

[CO%tH84H control 3 0.04 mol'L NaCl , &
[ 0.08 mol-L-! NaCl HH 0.12 mol-L! NaCl
Il 0.16 mol-L! NaCl

a

[\
(=]

r n=3; xxSD

b
a

= ab bc

b

cd
c
[ d
3 6

B A A/ stress time

&3 XA LLEREE CreR-B BRI 335 5t 1 5% 1)
[l R[] — Wt I (8] AN ] b BR 2 8] 22 57 2.+, P<0.05.
Fig. 3 Effect of salt stress on the expression
level of CrtR-B gene in H. pluvialis
Different letters mean significant difference among
treatments at the same stress time, P<0.05.
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g 20 _DXTHEQE J-1 2.5 r

5y i 2H control J0.04 mol-L ' NaCl, a a [ X}HE4H control

& |E80.08 mol-L-' NaClHH 0.12 mol-L™ NaCl = 7 0.04 mol-L-! NaCl
1 33 15 | EmO0.16 mol-L! NaCl g 20} b [Bl.p =9 0.08 mol-L! NaCl
M2 n=3; 5D : & be B 0.12 mol-L' NaCl
i“f 5 {Td15¢ . I 0.16 mol-L™! NaCl
Eswof e n=3; 7SD
Bz g10} .

L 3 al b

Se? dba  aaad Sost b 2=

:‘E c bcabc W 2

0 0

3 6 9 6 9
3B sHE]/d stress time 3B A A]/d stress time

K4 ERAIE XTI R AR ZLBKEE Bhe FE DN 05 5 1950
AN ) AR (] — T B[] AR [) Ak B 2H (1] 25 5 Y 35, P<0.05.
Fig. 4 Effect of salt stress on the expression
level of Bkt gene in H. pluvialis
Different letters mean significant difference among
treatments at the same stress time, P<0.05.

F = T A (P<0.05); TEERIPIAMEE 9 K,
0.08 mol/L . 0.12 mol/L F1 0.16 mol/L NaCl it 21
S T R4 (P<0.05). CrtR-B LR ARk &
FEER A A 3 K 26 6 KAIZE 9 K, 0.08 mol/L .
0.12 mol/L #1 0.16 mol/L NaCl [ 4134 i 3 &5 T
XF B2 (P<0.05). Bkt 3 [H B 3k i 7 £ 36 126
3 K, 0.12 mol/L 1 0.16 mol/L NaCl i1 41 i & &
TXT R (P<0.05); FEERIMERYES 6 K, 0.04 mol/L
0.08 mol/L . 0.12 mol/L F1 0.16 mol/L NaCl it 21
1 53w T X B4 (P<0.05); 7EERMMAMIEE 9 K,
0.08 mol/L, 0.12 mol/L F1 0.16 mol/L NaCl 381 £
3 TN B ((P<0.05) o SR, AN [ JHp et k]
(TR A 2L BR# Ley . CreR-B Fll Bl R ik /K-35
Bt 25 30 Y B (R B I i i, 76 0.16 mol/L
NaCl Wrif 43R B R fE, Jf W2 TXF R4 (P<
0.05). £ UeREER M IR AEZLBR¥E Ley . CreR-B
I Bkr FER RIS 9 R, 5 6 RiIkRZ,
593 Rk
2.4 THAEEKE R AL EEE XS £ BB B R
HE 5. B 7 AT, fEERansE 3 X, WA
ZIER#E SOD Fll GSH-Px fiff i 71 34 bt 25 £5 W36 v 18
(R B T2 T TR, 7E 0.16 mol/L NaCl ikt 41 35
FEKAE, JF 3w TRk AR A 2H.(0.04 mol/L
NaCl)Fi%f B 2H (P<0.05), 0.08 mol/L. 0.12 mol/L
F10.16 mol/L NaCl it 4 1 R £ 21 BR ¥ SOD F0l
GSH-Px [if i 713470 0 3 25 7 (P>0.05) . 7EER 0

B 5 EhMrE T EAELIER B SOD g ) iy AR ik
AN )RR ] — T3 I ] 9 AN [ b B2 8] 24 57 1 3, P<0.05.
Fig. 5 Changes of SOD activity in H. pluvialis under salt stress
Different letters mean significant difference among treatments
at the same stress time, P<0.05.

HI5E 6 KM 9 K, SOD Ml GSH-Px G /1 bl £h
JHpE v B BB T ST e R, #E 0.12 mol/L NaCl
38 R B B KAE, IF 3 8 T4 B4 (P<0.05).
2 U B ER A AL R AR ZL BRI SOD BRI J1 44 0y
eSS 6 KATHEem, 6 3 KIRZ, & 9 K&K, i
GSH-Px [ 713 0AE 56 3 Rt i, 556 RIRZ,
509 KiK. WALLERME CAT BIG e b ha
AR IL UL 6, 45 Mraf it ] A T AR 2T BR 3 CAT
TG 1 ¥ Bl A £ W38 v BE A B Se TS R R R, TR
0.12 mol/L NaCl Mipif 4k B i K fE, I %5 &
TP B2 £R 040 2H.(0.04 mol/L F1 0.08 mol/L
NaCl)FIXT B 41 (P<0.05). £k BE R e 21 i R A=
ZIBRPE CAT BTG 134 R TESE 6 R s, 5 3 K
W=, 89 Kilk,

_ X} R84 control
[10.04 mol-L~' NaCl
[ 0.08 mol-L! NaCl

B 0.12 mol-L! NaCl
Il 0.16 mol-L! NaCl

—
(%]

o
(=

CAT/(U-mg ' A protein)
o
w

Fir3A ] /d stress time

Kl 6 EhMa N ZELIEREE CAT B 1 n 284k
) AR ] — 6 P 7] A AN [ Ak FR2HL 1] 22 5 (. 25, P<0.05.
Fig. 6 Changes of CAT activity in H. pluvialis under salt stress

Different letters mean significant difference among
treatments at the same stress time, P<0.05.
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’52'5 [ a @ 1 X+ H84H control = i a [COXFHRZ consrol
2 a [30.04 mol-L NaCl B [10.04 mol L' NaCl
%2.0 F ab = 0.08 mol-L! NaCl % 04+ 1 0.08 mol-L 1 NaCl
o bl B 0.12 mol-L~' NaCl o b Em0.12 mol L NaCl
diys | B B 0.16 mol-L™' NaCl 903 | -0.1_6 mol-L~' NaCl
o . be be =3, 38D b n=3; %SD
gLor E <02
z 2 01,
; 2 .
0.5 p ababd go.l—
° al | .
0
0 3 6 9 3 6 9
JUrE B E]/d stress time BriA A/ d stress time

K7 #hWia R REAEZ0BKEE GSH-Px B ) #9281
AN TR AR ] — T B o) AR [] Ak B 2H (1] 25 e Y 35, P<0.05.
Fig. 7 Changes of GSH-Px activity in H. pluvialis
under salt stress
Different letters mean significant difference among
treatments at the same stress time, P<0.05.

b B8 33 T A L1 BR R MDA & 2RI

P 8 AT, FEER RO RS 3 K, MiAELr kiR
MDA & %t B 5 5 W30 Ve BE 35 in A W A=, 7E
0.16 mol/L NaCl B 4k 8 KME, I &M T
2 AN E R B 2H.(0.04 mol/L I 0.08 mol/L
NaCl)FI X} BE 20 (P<0.05), P4 ok J3 6 v 3 41
(0.12 mol/L F1 0.16 mol/L NaCl)f 4 21 BR i
MDA &1 G I 3 2 5 (P>0.05), TEERMNARIEE 6
K, THAELIEREE MDA i 5 £ a0 vk B 1 3
AT E s FRE, 76 0.12 mol/L NaCl it £H ik 5]
B RAB, I 5 2 e Tl Ak R R T 2 R xE R
ZH(P<0.05) FEER BB (55 9 K, WiAE£1 3K MDA
gt Bl A R oA R B RS T = R TR, A

25

Pl 8 b JPpac X R AR 2Bk MDA 55 i (1 5210
AR AR [R]— IR i 5] AN [ A B [R] 22 57 .3, P<0.05.
Fig. 8 Effect of salt stress on the MDA content in H. pluvialis

Different letters mean significant difference among
treatments at the same stress time, P<0.05.

0.08 mol/L NaCl frift 4k 55 KAE, IF W& & T
X HRZH (P<0.05), 0.04 mol/L . 0.08 mol/L. 0.12 mol/L
F10.16 mol/L NaCl Wit 41 (% AE 21 BR ¥ MDA &
0 3 28 5 (P>0.05) o 25 W L ER Wik 30 2 1) F A=
Z1 Bk MDA i R TESS 6 KRBT M, 25 3 Kik
2z, %9 Kk,
26 EHAMETEWMAELAKEEK. IMEXERFNM
SN HE X ZISFRE R K EFI T BERI X R
R 3 AT, R4S Wi i) s, $hyphia iy
WeRE 5 R AR K (B D B R UM SC R OC &R, T
HIFER & &L IFE RS A G (Ley |
CrtR-B 1 Bkt )Y RIR 2 IEAH G C R, [A
B AR JBAE T A A (B B PR R & DA

®3 SMELKEEKMITTRSMBXMNEIEIRZ B Pearson HXRH

Tab. 3 Pearson correlation coefficients among the indexes which related to the growth of H. pluvialis and astaxanthin synthesis

5 b5 r it b5t ] /d i 5 N E4E FHEFF A gene expression level
index stress time algae density astaxanthin content Ley CrtR-B Bkt
b 7 3 -0.876 0.988%* 0.922* 0.994%* 0.975%*
salt concentration 6 ~0.952% 0.983%* 0.913* 0.975%* 0.936*
9 -0.921%* 0.917* 0.963%* 0.963%* 0.962%*
W T 3 1 -0.856 -0.724 -0.912* —0.915*
algae density 6 1 ~0.959%* ~0.802 ~0.891* ~0.979%*
9 1 —0.905* -0.913* —0.891* —0.968**
WFTT 3R i 3 -0.856 1 0.890* 0.979%* 0.934*
astaxanthin content 6 —0.959%* 1 0.823 0.947% 0.946%*
9 —0.905%* 1 0.913* 0.883* 0.920%*

e **FRTE 0.01 KRN F i AR SC, * FRTE 0.05 ZKFECRUN) | i 2 M AH .

Note: ** indicates a significant correlation at 0. 01 level (2-tailed), * indicates a significant correlation at 0.05 level (2-tailed).
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W5 285 A G R PR 3 3k 22 ] 45 22 SR AR G A O
F, R R S NN RS B S i [N 3R A
ZIW R IER SRR R . S350, A 1 FIE 5~
7 WATLUE ), FEER RO R ER 3 )
(3 6 KB B i & & i B, Mt LHE SOD
CAT 1 GSH-Px FYTEMEHCR, T7EER e il e i
(9 R)FrBUNG RSB, Myt LM
PEBIR, ULWIEERIIA T, AL ER B R AY
PUAALTE PR AT A AL B BT A AL TG M Z T8l —
AT AR I . B A FERI G R o

3 iTig

TFF 5T ¢ BH 45 Fh PR 55 10 36 #40 m A L 42 i fm) e A
A W R NI B P 4EU(ROS), A5 B A B B T
H3E(0y) . WL E(H,0,) . & H HE(OHY). if
it S AL (ROOH) B 2k A5 4R (10,) 55, i 1Y
ROS 25| B ALK o T 0y A 455, MmiBEAS A
RN AR 1= A =N ) STE Rt R - A T A EEAN
REEMWARKMAR, WA 2o sksEmt G e
TR, AR, R SR R R B 3 IS R T
FRAE 2T Bk i 2B KB T2 R AR g, 5 Al
FHEE, £ e R AR ] TR A ek e A K
N T R R, AT R TR, XN
fEIEEAEOLT, BRI ALY — &, 4K
ROS /74 5IE AL F A AP HERA, SR Y32
FNER M s, 4UHE =4 19 ROS & K TR BR Y
ROS, MTHTHE T X Fh sl &8 P45, 51 &k E Ak
Jopae, A R A AL, BAH T A K
MERE, HEEREIET-P,

UG ER 0 ASF F 1 A= 2o Bk A A= 4, 0T
LA T 35 A0 PR e 7 SRy A S 48 A R AR AR A
R, A5, KO HRYFEHEEER0.12 mol/L
F10.16 mol/L NaCl)rie fiff 35 41 Jifd 4= % A8 AN
ST, WX RAL R AiEsh 40, X5 HK
S Gao PRI —EL, S4b, EIRFRED
R R IR A= 2L BKSEAE AR N T 0.15 mol/L NaCl
1) BBM 3552, FEIEFRIAE 4 RIS G R
£, 05 REPIFE RS #8075 me/g, MifEH
REE SRS P A BRI AR E R LR, &
K AT & IAE BBM 15 353 R R T

10 g/L () NaCl fEi75 5 WA= 20 Bk i Pk f R
2, Boussiba 2SI IFFE - 2 WK 1 S5 W AR 20 BR
B BGy Wi R EEP A NaCl W EE 4R 3 It &
i W AR 2T R KA P2 A 0T K . Gao ZPTE RS
FEFNAEZLERPEE N BBM 552 s T 0.17 mol/L
NaCl, £4f 10 d B3EFR 5 &I 3 FhAS [ SE Ak 1/
AT ERPEMIR T R S RIS T, EA
S R SE /N T 10 g/L IS MR BEER A T,
AELLERBEAE 9 d BYRaRTE Py, IFE RN S &
R 26 R R R ) 388 0 i AT R, X — &
TRt —UESE T30 R BE (<10 g/L) Rt E(<10 d)
(R FEIR I B %175 5 FR A 2T BR e P AR W R . SR,
B o 30 A1 {6 R A 21 BRBES IUIR T R 1Y 4 AR AL
il B AT T s A, Ehbhan i R R R AL
HH S il 3 PR ek AR AL O i 506 A Bh TR — 25
TR e R A 2T Bk AR R i s R
VIS B R T &M it s 2400 T
AR 2T Bk AR R A s 18 PR DG i 3L PR 25 1Y
54k, 4 Steinbrenner 25 PVHFSY & B, 7EOG IR G
T, fEHEE WAL ERBEINE R R, M5 RE
BAH SR AL G N A T 0 KA L (Psy) . /\
AT ML R LM FEGIER (Pds) . TATLLER B-Afk
3L (Ley) Rl CreR-B K& DR Y &% S5 /K S0 R K42
BT . Gao Z5POV/ETH AR 41 BRI A BE IR R A
25 mg/L I 50 mg/L FI/KIZGER(SA), A1 BR%
Psy. Pds. Ley. CrtR-B Fl Bkt B (%% 5K F
WARAHER . M EEEC R RE TR, 7F 5 mg/L
10 mg/L HEIER(FARIFES T, WA L0ERE
CriR-B R ZRIE o R = 1T 18. 1450 7.3 4% .
AWFFEH, FAELIERIE Ley . CreR-B Fl Bkt A Y
FEIR KT 127 I A 8 Jolp 30 v 5 0 ] %) 385 Jon i AN Dy
PLEr X5 Steinbrenner 2517 Gao 25BOF s fihl
EBURG I FE 45 BIEA —B, B4, 1EADSE T,
TEER A B I (5 3 KRB, Ley ZEFIMRIA G
TE R M BE£8(0.16 mol/L NaCl)l T A & 3 s
TR BEZH (P<0.05), 1M CreR-B Fl Bkt Fe K By 2 ik 2
A3 BIAE 0.08 mol/L F1 0.12 mol/L NaCl il F 5 %t
AMLC A T8 ENF G, AP A
5B 6 R)BTEL, Loy HEFMYRIKXEFE 0.12 mol/L
NaCl Jipis F 5B A TG A T BT
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(P<0.05), 1fii CrtR-B F Bkt H:PHiyF 55 1E
0.08 mol/L NaCl e T 5 X REZHAH L gl F A 1T
2 1 T (P<0.05); 7EERIIHE ARG 9 OB
B, X 3 FhEERI YR IA 5 TE 0.08 mol/L NaCl
R 5% A AE Lt T iR A T B3 B TR (P<
0.05)c X —Z5 S ULHH T 24 £6 P38 A B () 45 e B
5 B-SAE MR A BUA SR Ley He PRk 38 vk
BRI T HE S5 IR F R A NA LW
CrtR-B M1 Bkt FEH, (HAEKMAMERPHA T, X 3
T 35 R X 3 Polp 20 8 1 R e — B . SR A
232155 ) Y 0 9% R (ABA) AV AU LRI 2 Y615 57
He ST R — BEIHE) J&, Psy. Pds. CrtR-B I Bkt
BB mRNA KB B8 F &, 1 Ley
mRNA 7K — EAREA R . X T Ley F
PRI R T A F BB PR A o S A PP HA
K Ley FHEFZASAIR LA, F A ZX kS
SRR . BAHESE LA & Steinbrenner 252V
Gao %51 VYRI5 ) 3¢ WA AE — 2 i 1] A0 ) 42 A 3R
B A aiE SR, Loy R BRIk K22
ERE S X UL Loy SERIF AR B B LN, 3
A 45 PR T 9 45 SR T g S 3 55 S 4 R
A B (AP A G, Hk A n] R AN 38 5l S Y 7
s iR SN S SO | o R N S B =N 1) STER T 2
TR AR 2D R BT 2R A R DG R (19 3R ik A8
SR R WA AR -5, ZHRIE
A OC R, X UL IIFE SR P aE F W AR 20 Bk e b
w7 AER ROS AATREEN—F o FIES R T
WR 28 BORH G gL IR () B 5, 9 AR 21 BR il 1
P& X SO L R A 7 SRR, IR X S AR
()77 e TR AR IR E R G . 2R, X —4%
WA 5 B R I ACE I 58 Lt —25 i LA A .

SN, FEARBEIE T, WA 20 BR P40 M
Y p-EHE 2R R SRR Az 2 40 5T A R
F RPN MR R AR T B REE
RN P AR i ROSPO, i, Li 4P
P SE D IR 20 G R — i i ) S
Pt A2, FFERRE 2R G B R I AR 40 I N Y 4
FH, MRS T4 ROS B4ERL; Tjahjono 4%
B8P K FE 2P 5T 2 B, ROS [ BE % 12 1
FR AR 2T Bk R T S s, sl

o kB, WALZREFKN ROS &Y
IR R & A — WA, TRAEZLEREE T fig
FER AR ZoREBRH UV-B 55 S =41
ROS. 74k, fEARBEMAAM T, BAfNA ROS
(Y3 R W] DL B 45 A pe A A B R (R gk, T
& AP ALE [R R R T BR AN N 2421 ROS,
Xt A R ST AL B B S BEMY. SOD . CAT Al
GSH-Px J& YRS A LB A R i 22 3 Ff
LA AL . SOD JEht A AL B8 R Ge 56 — B B2,
RefE i Ak A R 3(02) 5 H'45 4, K 08
JF i A AL A (H,0,), CAT WAL H,0, 43 A
H,0 1 O,, 1l GSH-Px N1k H,O, 534 52
H K (GSH) I b 42 18 H,O B 48 4k 78 45 ik H ik
(GSSG), MM HLIAS Az ROS Hy5 FE > A
AT, A T8 B ) % 25 e B 5 1038 20 Y W9 A= 21
BR¥E SOD. CAT #1 GSH-Px 75 % FE 4
(0.00 mol/L NaCDAH b4 & 17, X el 1T £ b
EANHRERE S AL BRI R &R, 5 —7
T = T & PP e LB IS PR, =3 7T AE 3L [A]
YERRIEBR AN 24789 ROS, P47 5N Ak 21 Bk
B A . ARG, FEERMMNA S 3 K
S 6 X, WAELIEREENRE 2 & K, {2 SOD.
CAT F1 GSH-Px I M W4 i, 1 76 £ Wpae Ak 3 11
99 K, HAEZIEKEENRE = KA AL, {H SOD.
CAT 1 GSH-Px i JJ B 2 e i, X 245 0k —
A0 U I R A 211K 1Y R 2R AT AL e 1 P ek
YERI AT RESZ B oAb 78 . PR RPE Y, 46 Wria i
WA LB LT 3 2R KR A& P A AL s, T
KB A A B AL ) 32 BB AR FE AR R, X —
25 5L 5 ) 5 2 VR A B A RO B g 4 R — B
HJF PR o] B8 S BE S8 A T X B S5 Pl A6 0 o) 17 B[] L
g, PRI AE B a0 R B, RN AR Z1 BRI
FEARFE S AP E LR TE R 2400 ROS, TEF
HEE MR Y, TELL— RV ARG
2 FZ R AR A e, DR T T s 30 A i S BN ) 4
FEARC BT (B P R BE 0 T, 35 200 i P9 2R 1 5 i
P SR, SR PURAEE IS )2 TR, X IR AR 4L
BRBE ROS Y3 BRAL ] U AT BE 32 2R & K ™ 2k
R &1,

MDA J& H 3 Bl 2 W R b Z2 1 Fi g 1
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1R 5| & Mg 5 3k 80/ TR 1 10 i o ok SR Ak
MDA & sty T W A 4 6 A AR Ak 400 40 AR
AR, A MDA 6 AT 5 2 5 i 2 A SRR
H, slREARS TN S50 R, #E—5
SEAM IR BSR4 uk R 4
(TR AE LT BRI MDA 3 & 7 4540 BRI [A] 5 % B 2]
(0.00 mol/L NaCl)AH LL#F#& & T, X ULHAER I A
JEr= A1 ROS € 43 i T A MRS A fb i3, X
Pl S A0 1 K 25 3 — 20 T JOCRRT A 21 BR B 1Y — £
R RER AL, HEET, X R
PR BRI — A E R, A, WAELIER
P MDA & 57 5 b i G 3 )R (3R 6
KB B, mAEER A B EIGE 9 R)Br Bk
1%, 3% AT e 2 A A A 3k W 30 i S R e B B B
SR K P A AL BT M, (A T AR R
TRk, WAL RN BPURLRE T AN T
TR =R ROS, MM A& T A= W B i i o
i EARY), N B TR o IR R B
BB, SRR EE T M T R, (H X — i
LN R O S R NP SRR (= DA PN
g TR T ROS X RS A3 AR AE
R A R ORBEAR . F UL AT WL, AR
T, WA LD R AR R 2 A AT S 4T
FALER R B A5, LR, EAR S,
UG R VG BRI AE DBk EER P ROS WL & LA
Hil AT REE A O E A . XSRS
b8 A S 45 R — B (i TIRE R REE
T A 2T R 9 40 55 A B AR 9, T ROS 3222 ¢ i
5 U NIES % T 2 Nyl O el 1] B W s o S
ROS J& 15 Rei i it AR W R B A o v, SRS
FREARINE REK, HATREA HIENSLRuEN .,
JUE Li SEPT I IS 7 2 IR 7 2T R b v
AP AR BR AN 24207 ROS e 5 HE
MVEA, Hh Tz BN, D g5
B — LRI A

4 g

a7 A LR A K fEdE T ER
HEZMERM Ley. CrtR-B Fl Bkt FERIF) Rk |
LI X SOD. CAT F1 GSH-Px i P Hl MDA & &1

FE e MALZLEKEEINS R 5@ . Ley. CriR-B Fil
Bkt K& 3R 3k 5 7E J W ER 0 R BAR, iR
ERWria R o WA £1EKEE SOD |, CAT Fl GSH-Px
TEPELL & MDA & it W7 50 28 B aE T 4w, i
FER BRI MR, FhWha ™ WA 2ok 32
S B2 5 MR T 2R G A DG il R ) 5 Kk kA
PEURE R I9A Ao T Az 21 Bk (0Pt S840 Bl A 5
RINPLEALBEPLH > TA1E . Hoehse . B
YER, LR P-4 T A 20 Bk e G0 52 SR B e 2 1
MR A o (IR 227 I AR 20K AR Y B 4
AL 7 2 — 25 B F TR iAo AHIE 55 kR
AELTER AR T IR R R e S AT TR,
R A A AT T ff 00 25 0 T I AR 2D Bk B AR R
M)A AL DL SRS 210 6 L 5 LR A e ds br
) R AR T BRI TOR}
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Effects of salt stress on astaxanthin accumulation, gene expression of
astaxanthin synthesis-related enzymes, and antioxidant indicesin Hae-
matococcus pluvialis
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Abstract: Haematococcus pluvialis (Chlorophyceae, Order Volvocales), a freshwater green microalgal species, has
commercial value owing to its ability to accumulate high concentrations of astaxanthin (up to 5% of dry weight).
Astaxanthin (3,3'-dihydroxy-f, f-carotene-4,4'-dione) is a red ketocarotenoid which has many important biologi-
cal functions, including antioxidant activity, regulation of immune responses, and disease resistance, and has the
potential for application in the aquacultural, nutraceutical, pharmaceutical, and cosmetic industries. H. pluvialis
has a distinctive lifecycle as it exhibits a green motile stage and a red non-motile resting stage called an aplano-
spore. In general, astaxanthin accumulation in H. pluvialis is restricted to the aplanospore stage. Astaxanthin is
accumulated in extra-plastidic lipid vesicles as a secondary carotenoid, and it is believed to be synthesized in re-
sponse to oxidative stress in the red aplanospore stage under unfavorable environmental conditions such as high
light, temperature, and salinity, or low nutrient availability. Several enzymes such as lycopene f-cyclase (Lcy),
f-carotenoid hydroxylase (CrtR-B) and f-carotene ketolase (Bkt) are involved in the astaxanthin biosynthesis
pathway in H. pluvialis. Lcy catalyzes the formation of S-carotene from lycopene, and CrtR-B and Bkt catalyze further
steps leading to astaxanthin synthesis. Changes in expression of the genes encoding these three enzymes can criti-
cally affect the biosynthesis and accumulation of astaxanthin in H. pluvialis. In addition, various antioxidant en-
zymes including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) also have
important protective effects for combating oxidative stress under unfavourable environmental conditions.

We aimed to explore the effect of salt stress on astaxanthin accumulation in H. pluvialis, by examining the
mechanism of astaxanthin synthesis and the relationship between the different antioxidant mechanisms in H. pluv-
ialis at high salinity. We examined its growth rate; astaxanthin content; Lcy, CrtR-B, and Bkt gene expression lev-
els; SOD, CAT, and GSH-Px activities; and malondialdehyde (MDA) content at four salinity levels (0.04 mol/L,
0.08 mol/L, 0.12 mol/L, and 0.16 mol/L) over three timescales (3 days, 6 days, and 9 days). Our results showed
that the density of H. pluvialis decreased under increasing salinity over different periods of time, while its mortality
rate and aplanospore proportion increased with increasing salt stress concentration by the ninth day of stress. Asta-
xanthin content, Lcy, CrtR-B, and Bkt gene expressions increased over time with increasing salinity. SOD, CAT,
and GSH-Px activities and MDA content also increased in comparison to H. pluvialis grown at the control level of
0 mol/L NaCl, and significantly increased at the 0.12 mol/L NaCl level (P<0.05). Astaxanthin content and Lcy,
CrtR-B, and Bkt gene expressions were lower during the early and mid-stages of salt stress (e.g., on the third and
sixth days of observation), and increased by the ninth day. Meanwhile, SOD, CAT, and GSH-Px activities and
MDA content were higher during early and mid-stage stress, but were lower by the ninth day. These results suggest
that salt stress can improve astaxanthin accumulation over time in H. pluvialis at the appropriate level of salt stress,
despite its negative effects on growth. Astaxanthin synthesis in H. pluvialis is promoted mainly through an increase in
the transcription level of astaxanthin synthesis-related enzyme genes under salt stress, and the antioxidant activities of
astaxanthin and antioxidant enzymes complement one other to protect from oxidative damage under salt stress.
This study provides a new insight into the astaxanthin synthesis and antioxidant mechanisms in H. pluvialis.
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