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hESES Q78 XEFERIRFE A

& 7 (Phaeophyta) A B 2 LM E, £ T4
M A= F= 453 )3z v (Khan et al, 2009; Rassweiler
etal, 2018), K ZHHh B A TG 7l (|] A A T Al &2
ERRE L RLEE G REM A 0 3 25 K P52 MR (Hurd et al,
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—(Navarrete et al, 2021), E ¥/ FHIER T %4

AREHRS #HYBmAR; BEF; BEFHY; E#; mKKHE PCCTI42
XEHS  2095-9869(2023)02-0127-10

()R BRI AR, 72 T R AR, TRE T4
BRGHILEH (Bolton, 2021), E )12, BRI
HFPIREL ST, BEMEIE I A T IR AR W R A ) T aE
(Shukla et al, 2017; Wiencke et al, 2012),

Bt A ARl B P A R R 7 R Y I R
A, ARG, FEREKAERE P ES BT H
g ) AR K POl B B R TR AN S AR
Y= A A R A S A R A T DIAE N BRI

* Y R A PO K SR 0 4% R B S S0 3 T 45 (TMTOF202105) . 58 H AR 2 542 (31770393) M ZE 1L H HEE K
i H (tsqn202103136) L [F WE By . HURERS, E-mail: gzp17712231677@163.com
O EfEEE: RS, #P, E-mail: liangchwl17@126.com

Woke H A 2021-11-29, WeB Bk H 3: 2021-12-29



128 ook B

544 %

ARG A T I T S R o, (B
W, e iE 0 E, 7 AR TE Y (Maxwell et al,
2000; Jiang et al, 2003; Plekhanov et al, 2003), H A,
4 Ja X S B M B TG G A S 2R I ST I
Z—(Collén et al, 2003), WF52EH, mRE R 4R E
A A SR A | S e e R R R DA S A AR
Fe B g AR, DT X fiE 8 (Diatom) F= A= 4 52
M (Stauber et al, 1989; Cid et al, 1995; Rijstenbil et al,
2002; Herzi et al, 2013), 7E4FI&JE T, H(Cd)iH 7
PEFERISR , IREZIEVF 2 EY TR ER, IRiise
eV M5 YL ¥) Z — (Blackmore, 1998; Olivier et al,
2002; Chakraborty et al, 2015; #&5E8%%, 2020), 8%
o0, DU AT i ok vh i) Cd o vk B2 ARG
(Blackmore, 1998), {HH Filltdwsi A\ MHE, 7F—LL
T g A O e X Cd R 4 AF 5 (Simpson,  1981;
Villanueva et al, 1992), Cd nJ LLi# i 5 8 115t 24 gk
MR R B A TR R R 2 6, U & B i 75 42
Ja& I 3 B AN A A 45 45 Ok S 4% AR W) B % (Mostofa
etal, 2015), MR Cd 7E KRB P B A Ik A
Uige, HA MR, Cd J& B ICiEEE 3 (Thalassiosira
weissfl flogii )ik % i 1) 4l B Kl (Lane et al, 2000),

A BEH K S ¥4 % A (glutathione  S-transferase,
GSTs, EC2.5.1.18) & W AF7E T AL Wik, J2 i —
AR 2 R R T i i 1) 22 D) B £ 11 (Han et al, 2018).
GSTs & %838 1o it b i J7 AU 25 bt H K (glutathione,
GSH) 51z Wi 7K 2% H RS A0 45 5 R il 13 A1 Sk 4 Jox
(Frova, 2003), & 1 HA#EEIIAESN, GSTs i fr HAtL AR
AT SR EEREREAEN, AR, F5
S BUSAMRIRSY . PUELS D Kook B 4 i 7
£ (Dixon et al, 2010; Edwards et al, 2011; Sharma
etal, 2004), HHT, T GSTs % & 4@ fift 4 1
MR, MR EW GST FHERYIE IS 4R Z
PERGIR R R IEASC, Ui GSTs 7E 48 & Ml 4 5 4 & it
ZPETT I &5 T B EAE A (Canado et al, 2005; Darko
et al, 2004; Dawood et al, 2012), i, AHEHK, #
2 vk (Chlamydomonas sp. ICE-L)7E Cd 8 T, GST
fi 7% 14 1 (Contreras-Porcia et al, 2011),

1T H TR Y B 26 B = FoUE (818 S AL B AE &
gt , R KIS UE T g i A Wt 1) 56 XURN 2R A7
TERR I RIME, AW e B B0 GST R, R HAY
FE 2 21 | 58 BR % (Synechococcus  elongatus PCC7942)
B R IR AR P IRl R Bk h Rk, B EFY B
GST #£ Cd*'Mif 52 h jir R AR M VE

1 #RE5FE
1.1 SEIEHEHEFHR

L T A e o [ K B 2 BIE 9 B 8 K 7 B
FUFTHRAL . (EFIHT, AR A g K AT ek
LR WA AE 2 . SRS RS AE 10°C Y S 1
KGR 24 ho

K FEREE PCCT7942 K H GeneArt™ BBk
H 2 153057 & (ThermoFisher Scientific, 3 [H), JH1E
Blue-Green (BGI1D)¥EFIEPEEFR 7 d, HEFRIEE N
(25+2)°C, JEHRSRFE Y 100 wmol photons/(m?:s).

1.2 RNA HJ$REXF1 cDNA B & B

B 100 mg B #EECFIRRES, KoKW T,
R VRIS H AT A0 . R H] E.ZN.AHY) RNA 2
B £ (Omega, SEEDIETT RNA 52 fHH 2%
By N W € 6 HL K AT NanoDrop 2000 (ThermoFisher
Scientific, 3% [FE)4r AT RNA #5838 Ak B

fifi /1 Evo M-MLV Plus 5% —#f cDNA A& B &
CCR G, HEDRFG 5% RNA, A cDNA,

1.3 E% GST EF cDNA =&

A BB SR Al )y 9 (K5 R R B SR S
CNP0001061)EHL 6 4~ GST H:[M ) cDNA F41, %
TE it 7 WY T 3 R SR B | ) (B, R D)
(F DA THEFERME, LI cDNA HEH, B
2xPro Taq Master Mix(& 4@ BH(XFH s, T EHY 1
GST #:[H . PCR N 5514 : 94 CHiAE 30 55 98°C7AE
P£10s, 62°CiBA 30s, 72°CHEMf 1 min, #1530 4
PEFF, BeJ5 72°CHEMH 2 min, X PCR P=HakA7I ¥ .

1.4 EEGSTEEEAKEKREFHRERIE

h TR E ¥ GST ZEH M YI6E, #R4E GeneArt™
R Bk i R 1 #8147 & (ThermoFisher Scientific, 3¢
EHRHERAEBI, WS EH 6 ANE ¥ GST MK
(mpgst1~mpgst6) Y 8 20 TR 3R, etk B A R Bk
ML, FE¥ S mpgstl~mpgst6 FEE AL RS> 4 N
MG1~MG6,

fdiJ1] B.Z.N.A. HP 4 DNA $£ B0 7] £ (Omega,
2 DU AR SE I 41 DNAL DIJE 4] DNA
Wb, BSInEE S (% 1), i 2xPro Taq Master
Mix (F Jerh R R, EDY G HEEE K SR 5 X PCR
PR HEA TN B E
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Tab.1 Primer sequences used in this study

5|4 Primer 751 Sequence (5'~3") FE-T) 47 45 Restriction site

G1-F CCCAAGCTTATGGCTCCCGTGTT Hind 1
GI1-R CGCGGATCCGGCCTCGAAGCGTA BamH |
G2-F CCGGAATTCATGGCTTCCACCA EcoR [
G2-R CGGGGTACCCTTGGTGCTGAT Kpn I
G3-F CCGGAATTCATGCCGATTCGGT EcoR |
G3-R CGGGGTACCGGAGCTGTAGTTC Kpn I
G4-F CCGGAATTCATGGCCCCCGTATT EcoR |
G4-R CGGGGTACCGGCCTTGGAAGCGTA Kpn I
GS5-F CCCAAGCTTATGAGCCCCAAGCTT Hind I
G5-R CGCGGATCCTGCCCTCGACTCCA BamH |
G6-F CCGGAATTCATGGCTCCCGTATT EcoR |
G6-R CGGGGTACCCTAGGCCTTGGATG Kpn I

T BRI UTRERAE AL SR bR

Note: The restriction endonuclease action sites are underlined.

15 HUKREBEHNE

B R 0 RO R A0 R BRI, T GST &
R GRS, P ED T LR GST BigE 1, LI
AN R U BOTR 5 TE  R E

1.6 Cd* 8 THKEIKEEBIEIRITL

P A R F AL AR T BG11 55 3R I 15 358 2 X4
W, WREROE, AR RAEES 750 nm AL IROGEE(E
(OD750 am) M 0.010 SRIGIIA CACL VW, 755
i CA> MR Bl 0.2 mg/L, W25 i Ab BRUS 1Y STk
INA BN Z AU P (LG ARA N Cd™ AT BREE A, BT ik
HEE 3 KW 2SR A S 4K R Bk
B ARG, Ok AP AR R, SR FRIRE A
(25+2)C, YEHRIEFEE A 100 umol photons/(m?-s).

PR L R 2 — A b O B 2 A A e b3
SRIGFE AR TR FE A TR R R Cd> haa AR R ER
AR LR AR EEMGRIOESE. At
HCEETHRERR 2 d R BRI ODysg o {H, $F4E
12 d, e A KN . 8 I 55E(2008)F1 Wang
SE(2020) 82 B WY 5 FERE SR A 12 R A SR Bk i
R EE R, JFE IR Lichtenthaler %5 (200 )4 i #9757
B 4% a (Chlorophyll a, Chl-a)FI2&i s %
(Carotenoid, Car)iJ %, /] Maxi-Imaging- PAM
(Walz, 78 [E )l & T )6 R 4 11 (photosystem I
complex, PSI)A i KT %(FW/Fn), KM Zhang
SF(2021) Y7 ¥R HEA T S 2R ¢ G S 800N 2 T P 1) A
., FRKi 7R (F/Fo) TG Genty 55 (1989)
RO . B SER I A AT 3 Ik,

1.7 HIEHITHW

K SPSS B A v B A U7 2% 43 BT (one-way
ANOVA)FIXUH % 5 2253 M7 (two-way ANOVA)K 4
SEYG AN B RN R 2 [H) A 25 5 & . (#F R(3.5.3)
F1 Adobe Illustrator CS6 A4 il Fig et FE
P<0.05 /N FAE I 3 25 5 (Zar, 1996).

2 HERE5HW

21 B GSTEE®E

K H RT-PCR HiEME#EH kS 6 4> GST
DA B cDNA, Bh i B 358 e R Tk ARG D 285 SR A 1 1 T
S5 IR, mpgst3 JEE K/ 800 bp, HAxy 5 AN
R BLRR/NZ A 700 bp, 5 H B3 /N KSR
[fl, %X 6 4~ mpgst i) cDNA 751 2 %17 %] GenBank
H, B35 0L362284~0L362289.,

2.2 FH mpost K EEKEMEREFEER GST

& T E

ARG LR AN R EKBE PCCT942 K UFEE 3
GST E:HIJHE . X 40K R RS b vk 17 2 4
DNA AU, DIFER 4 DNA MRS T PCR B81IE
BRI R I F UK &5 SR WoR (B 2), A AL AR AR A
FIFHME PCR =¥y, I HZ&MF a8, HIpsss
i, R U] mpgst )G B A0 SRR K 2 v

F T HE—HUESE mpgst B SRR, ME T AR
2RO A B A AR R AR R GST BTG R, 455340
3R B MG6 b, Al Ak i S M 5 B A=
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PRISA 3% 2% 5 (P<0.05), 1fii MG6 RSPkt s A
LTH(P>0.05). AL RRBEE M B 38 it — ESE T H
. GST eI REREE PRI, 5L
A BRFE AR AL T AR

mpgstl mpgst2 mpgst3 mpgst4d mpgstS mpgst6 M bp

Pl 1 E¥ GST 2 E Y PCR ¥4
Fig.1 PCR amplification of the GST genes of M. pyrifera

M: DL2000 DNA Marker

Kl 2 mpgst A%E 5L R 56 IE
Fig.2 Transgenic verification of mpgst

MG1~MG6 £ 7735 LU A bk MG1~MG6 £ [ 21 DNA
Bty 1544 3] mpgst, M /R DL2000 DNA FrRic.
MG1~MG6 represent the mpgst amplified by using genomic
DNA of transformed strains MG1~MG6 as the template,
respectively. M represents the DL2000 DNA Marker.

2.3 Cd*' BB TEL KRB £ IBIRFR 4T

23 JLRIIIEE, MG1, MG4, MG6 7E Cd* i
WRIEFALK, mME AR MG2. MG3. MG5 i
R (K 4), XIEW mpgstl . mpgst4. mpgst6 HEAL
e CA WK R ER B AN RLEZ I, SR T Ho Al 3 3[R
KBIARN PTtE. BT HE—LEBUEE # GST 3
X Cd* Bt 22, i MGl MG4. MG6 K B4
AR EE R LA SIS bRt T ik —
Az T

0.004
0.003 -

0.002

GSTRgEME
GST activity/(U/10 cell)

0.001

3 FRILAIANIC R ERBERY GST M 1
Fig.3 GST activity of genetically modified
S. elongatus PCC7942

CK FREF Bk, MGI~MG6 Fn&H mpgst 54k .
REFFRIRMEZ(SD), n=3, B AR b AR A58 i)
225 W (P<0.05), .
CK represents the wild strain, MG1~MG®6 represent the
transformed strains containing mpgst.
The error bars indicate standard deviations (SD), n=3. Bar of

each column with different small letters mean significant
difference (P<0.05). The same as below.

a b a b

OMG1I COMG2 [COMG3
MG5 MG6 O JoH: i No Sample

B4 Cd® han R Ak ek i 2 LI IR 00

Fig.4 Multi-well plate culture experiment of S. elongatus
PCC7942 under Cd*" stress

a: IEHAER IV SRR
b: JIA 0.2 mg/L Cd* (4K F Bk
a: Normally growing S. elongatus PCC7942;
b: S. elongatus PCC7942 with 0.2 mg/L Cd** added

OCK
OMG4

24 Cd*BMETEMESH

ARWFFE, BRXTRRALAN, A G Ak i I B
— BRI, L6 d R IR I B R B 3 Kk
JERS R R, 1 CK WG (AR S22 34K 8 d J5 I
PR REE 5). SR BR, Cd B AREATR
SRIYEEE, WX MG1. MG4 il MG6 54k ki PE
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ANZ HFE IR . MG4 4 K iU (P<0.05), X5
HEH RN GST BHETEMHMA(E 3), BR
MG WIS e, 10 MG1 At A S AR R 2 f
U, XA[fig 55— GST BEAY1E LIS A 5%

016F _ack
0.14 —* MGl
—a—MG4
g 0127 —v—MGs6
= 0.10 -
o R |
2 g 0.08F 1
g_g 0.06
§ 0.04 - {
< 002k %
0 C 1 1 1 1 1 1 1 ]
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i} E] Time/d
Bl 5 BpA: RUFNELSL R 414 R Bk i PCCT7942
1E Cd* it B i K 2k

Fig.5 The growth curves of wild-type and transformed
S. elongatus PCC7942 under Cd** stress

25 CABMETHEBERKESH

M4t % a (Chl-a)fe EERIEAEE, Chl-a it
MRS HE R BOCA BRI K 6 Ry IEH Hi 57
1 CA WAL BR RS 12 REF A MR AELfLFE Chl-a &
WA, N 6 nTLIE 1, C&AbHE, IR h
Chl-a & & FMEREIMAE, XL TFAF Chla
(P<0.05), {HETASALMRTEAL BTG /Y Chl-a & 25
FAEEP>0.05), X5ZAYE(E 5) 5 GST
TR (A 4) BT BT R B B 25 AR A A RR
MG6 [ Chl-a 7 ffi s , (HARAR T T 57 A R 1 5
A, X AT REJE R R L AR bR ARAT T AMNRSL I, 5 T
Y ARG, ELAR R R B — 2 S A T BRI

15
[ %} & Control
g R FiME Ca* stress
WP 0k
% 8
T3 05)
=
S
0 "’ "’ «"a’s ) ]
CK MG1 MG4 MG6
# Strain

Fl6  Cd* hn FEpLE R SE R AT R RN 4 K a (it
Fig.6 The chlorophyll a content of wild-type and
transformed S. elongatus PCC7942 under Cd*" stress

AR BARY 2 4180 ) 22 53 2 3% (P<0.05), T,
There was a significant difference between the two groups
with asterisks (P < 0.05). The same as below.

FHHE N R (Car) B EE IO RZ— K7
MIEH B IR CA¥ M AL BE R A 12 REFAERRANGE 1L
Pk Car S EAZE, WNE 7 TUIEH, CdhbHE,
KEBAT A BRI RY Car & i T, DIXTHR R Bl
Bl i, BEAARJLTPA S Car (P<0.05), X5 2ZRiTIE K
AWiE ([ 7)1 Chl-a & = (& 8)4h R —3k.

26 CAd”BMBE THEERLSE(FJ/FL)DH

M2 RIS E(FF) S B E UM G, 2
ST VBT J 368 X5 AR 0 ' A 4 R T ) B S AR (1 ) R
2006). & 8 SAHF A BRAEE AL BRAE IE R B 3 A0 Cd*
WALBRE 12 K F/Fo 781k, i 8 frs, Cd*
WEFRE, K ERERER Fy/F B0 5 R R (P<0.05),
M4 AHE, F/FLoh 0, BBREL AR, JL
FAET ., X5 ZETA A (E 5) KAz S (E 6
B DRI 25 R —30, 1kAh, MG6 1 Fy/Fn5 Chl-a
S bR, B RS H cd A RTE 22 5% A
K, ERBRES . A SHENEOERTENG R
= B

1.0
[ %} Control

» g R T8 Cd* stress
41 &

2

g §o0s

=g

R

CK MG1 MG4 MG6
# Strain

Bl 7 Cd™' R B A ORI SR 41K R BREE PCC 7942
e MR G
Fig.7 The carotenoid content of the wild-type and
transformed S. elongatus PCC7942 under Cd** stress
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Fig.8 The maximum quantum yield (F/Fp) of wild-type
and transformed S. elongatus PCC7942 under Cd*" stress
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R4k, DRI EE AL bR X CAP IR A2 1k . 45 S0, &%
3 Tt LR GST BEHEMEI THE AR, X WA T M

PO R RES B S NE (2 S/ S K= - 5 3 = Bl Ul
WEORE . BN BEASEE . ERIEE . R
SR R BEANTE B s JO ALK 1Y FR il (Davison
etal, 1996), Utoh, R TIEMOR . 5. B RH 55
T4 JEY T (Collén et al, 2003), 7E & &MYt , Cd*
W eI A Z W R, TR A ER .
B RUK i, DL R IRES I M (Prasad, 1995),
SR CA M BEAR S R RIS A K TR, (A ERE S
Ve, WF5EFW, V1% (Gracilaria tenuistipitata)7E
IR A R 358 T X Cd* I (Hu et al, 1996), 4]
e HAb 4 R E T, CdASHEE WY R A 1E
L MR TR G AT R, A2
PEFET, BIRAIRN . B H R B I (GSTs) & —
FKHA ZR IR B R IGE T, Y GSTs AR H A
PEAESUR N . B RSN | SER S5 L Ry
SRR SRR I A RS RT 40 14 25, T HY)
REFIRN I Z e, 78 Z R AMIEPE R N IR A 0 1)
20 it e g ack AR R P 25 R . GST REE A 1L A Ak
IR TG PE, RIS, T LB R bR A a5 F LA A R
HL ISP AL B (PN IR SR, 2021), KL, #F5E GST
A BT ) B AR P A A AR B 14 2T AL, X R
T30 25 T AR P A A7 RE ) B S PR i LR AR A,
2019),

T 41K B EREE PCCT942 5 TH55%, B4
AN, B FiE L AR AL B A R RS R AT 3 R AR
(Atsumi et al, 2009; Ducat et al, 2011; Min et al,
2000), AMFFEH, UK RRBORRIEE 3 GST
LR DI RE o 48 B % B 2 Al i A K A 2 i PR FL ik
JE (R AR R T A JF 22 5 o FHAS TR e B 1) Cd™ b 3L/ N BR i
(Chlorella vulgaris)ii , 0.5 mg/L ¥ B 1) Cd> i e 14 4F
KIBET 7%, 100 =R Cd™ e B NIRRT i 4 K
(El-Nagga et al, 2014), AfF5H, i 5C % i &
0.2 mg/L 1S 56 vk B A A BE (o 7 2 MR BE T (EL B 35 4
AR RRIE B A KAy Cd™ W, 2 Jn it i BT STy
oAbk MG1, MG4., MG6 #HfT/a 45086, Hiscs
AR B A Bk, AT RESE M FE A )X 2
GST [N JE T ARAY GST N K ik M il B A A (1)
AYFIDIRE . SJBMNE R EE2E GST G Mk i 3% in i
WAEBEE KM E SR Cd¥ i n kb B R B vk e
(Chlamydomonas sp. ICE-L), H: GST Bg6 3 mn, 4
Ktk & A= ARV A28 Ak (Ding et al, 2005), ZABFZE 5>
SIE T 41K B ERIER GST BEEEF OD7sg B

2 CA™ b B BF A AR A A R AESE 8 KIFAR %, i
TEBR A A 0 R A BTSSR, BRAERTE Cd®
AERRTI A K218 T, nTRES Cd R A B I T Y
YERIA O, EARM TR TR HLEE 75 2L — T o

M4k 2 a (Chl-a)FIZEHAEE b 2 (Car) & KA i
SEAVEFIR F A Z, Chl-a & 0728 1k 2 A 5 4
J 2 PR DR B A4S bR, Car /N —Fh EERDOLA R
F14) ) st % 4% 26 e S AR TR B FE o SR o 4 D Tk
AR R RN, T R 1 A R R S
MR R A B, BEOTSRE S RBEIN. A RCRET
(Brown et al, 2003), KEH((2010)FF58 %M, Cd*'il
ORI R (V3 ik = | RE Ak byNGA R (RN € X VALY
(i Ca* BRI 2 50T il Mg DA T R -4 2%
ZERRIE D AVER . STEAT T RN cd™
AbER, ke BRME AL B R VTS B Chl-a & B BAKFXT
FEZH, {H Car & HWS T % R4 (Collén et al, 2003).
AW, T Cd Ak PR &4k Bk B A AR 8
Chl-a J¢ Car &b, 40 BB E T H AR X RZH R
A Cd®y, KBEFARRA 6 S R AL P S 255
B3, HAMAIFAETEFE, Basers, mik btk
HERIER, X5 KMLT R R —2,

PS I 5 JOGREFE LB (FW/Fm) XFR PS I IROLAL
SRR TR, EREN T PS T A IO
RO TR A IR TE R OB A AR T RE
HAE YOG G T RE S 5 22 30 UM 48 AR (Kuma
etal,2014), 1 mmol/L Y Cd* RI 7E45 11 (0.5~2 h) N
A A AZ /N ER 8 S-39 (Chlorella pyrenoidosa
Chick S-39)MGA A H R Fy/FnfE, ff PSTEA
H, -5 52 3 7 % 2l (Plekhanov et al, 2003), AT
FEAE Cd™ b BRI g AL R AN B A Rk B PP (L, 45
5 Chl-a e g REAR—F, 78 Cd WA, B
MR RIS R DO, MR IER K, 28
IE T H ¥ GST fE4 1 Cd™ 1y 32 v v i /e

4 it

AT NE B RS 6 NABEH L S #%
(GST)FEH, I FLKs HoAS 2 3 40 4 R pk e 2k 3k 1k,
BLUPEE R ) gst FE R AL B ek e b, FE4K
FEREE PCCT7942 HEAE T ENTHTIRE. 45 REW,
BARTE 6 NHALRRk R GST B IS PE#RE I, B4 3 4
mpgst 3 K 3 32 R T 40K R ER X Cd> i A A2
£, BB FETRARER GST BAAREIMIIRE, A
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e SR T BT A2 i R IR 5 T IR A
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Abstract Giant kelp (Macrocydtis pyrifera, Laminariales), has long been considered one of the most
promising macroalgal species for biomass production because of its large size, rapid growth rate, and
dynamic life history strategies. Brown seaweeds are economically important and commonly used for
agricultural and industrial purposes. Intertidal and subtidal habitats, which most brown algae inhabit, are
shaped by fluctuating levels of salinity-, temperature-, and light-related stresses. The responses of brown
algae to abiotic stress have been comparatively well studied. With the rapid development of modern
industry and agriculture as well as the exploitation of mineral resources, the pollution of ecological
environments, particularly heavy-metal contamination of water, is becoming increasingly serious. Natural
quantities of heavy metals in seawater do not adversely affect marine life, and some heavy metals even
serve as trace nutrients essential for the normal growth and metabolism of algae. However, at excess
concentrations, heavy metals act as pollutants and harm algae, and the magnitude of their impact varies
depending on the degree of pollution. High metal concentrations negatively affect diatoms by inhibiting
growth, triggering oxidative damage, modifying gene expression, damaging photosynthetic cells and
mitochondria, and disrupting various cellular processes. Among the various metals, cadmium is
particularly toxic and can easily accumulate in many marine organisms. Usually, cadmium concentrations
in the sediment and open seawater are low, although these values may increase in some offshore and
estuarine areas due to leakage or anthropogenic emissions. Glutathione S-transferase (GST) is a phase 1I
enzyme in cells that catalyzes the formation of chelates between reduced glutathione and metal ions as
well as the binding of sulfur atoms of reduced glutathione to phase [ electrophilic groups, thereby
reducing the levels of intracellular toxic substances, such as reactive oxygen species, and accelerating
their exogenous release. GST belongs to a large gene family that plays important regulatory roles in
growth, development, and responses to environmental fluctuations. Owing to the lack of a stable genetic
operating system in M. pyrifera, the functions of some genes and proteins remain unclear. To date, there
has been no successful genetic transformation of M. pyrifera. Synechococcus elongatus PCC7942 is easy
to culture, has a small genome size, and can easily be genetically manipulated through natural
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transformation or conjugation with Escherichia coli, making it a good protein expression system for
studying prokaryotic circadian rhythms, nutrient regulation, environmental responses, and lipid
metabolism. In the present study, S. elongatus PCC7942 was selected to verify the functions of the GST
gene in M. pyrifera under Cd stress. Total RNA was extracted from M. pyrifera gametophytes frozen in
liquid nitrogen and reverse-transcribed to ¢cDNA. Gene-specific primers containing enzyme restriction
sites at both ends were designed to construct an expression vector based on the transcriptome sequence of
M. pyrifera (accession number CNP0001061 in China National GenBank). Six complete GST genes
(mpgst1, mpgst2, mpgst3, mpgst4, mpgsts, and mpgst6) were cloned using RT-PCR. Subsequently, the six
MPGST genes were transformed into S. elongatus PCC7942, and the transformed strains containing
mpgst1-mpgst6 were labelled MG1-MG6, respectively. Transformation was verified by genomic DNA
extraction and GST enzyme activity assays. In this study, 0.2 mg/L was determined as the Cd*"
concentration that was lethal to the wild strain but enabled normal growth of some transformed strains.
Some of the transformed strains did not exhibit resistance, which may be due to differences in the GST
gene sequences of M. pyrifera or because they may belong to different GST gene families, serving
different functions. The selected resistant transformed strains MG1, MG4, and MG6 were tested for
growth, photosynthetic pigment content, and photosynthetic parameters at 0.2 mg/L cadmium ion stress to
verify their functions. The transformed strains showed an upward trend of light absorbance, but most of
the wild type strains died. Furthermore, the transformed strains presented values for photosynthetic
pigment content and photosynthetic parameters even under stress, but the wild strain died, which was
consistent with the growth curve. In particular, the carotenoid content of MG6 slightly increased
following Cd*" stress, indicating elevated antioxidant activity. However, differences in the physiological
indices of different genes before and after stress may be related to their specific mechanisms of action,
which warrants further study. Our findings laid a foundation for further research into the stress resistance
function of GST genes in M. pyrifera and for the future breeding of pollution-tolerant algal strains.

Key words Glutathione S-transferase genes; Transgenesis; Cadmium ion stress; Macrocystis pyrifera;
Synechococcus elongatus PCC7942



