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Abstract; Cadmium is the main heavy metal pollutant in the current environment. Studying the changes of cya-
nobacterial photosynthetic activity under cadmium stress is helpful to deeply understand the cytotoxicity of cadmi-
um and the response characteristics of cyanobacterial cells to cadmium stress. In order to provide basis for evalua-
ting the ecological and environmental risks of cadmium, toxic effects of cadmium to freshwater cyanobacteria was
studied, selecting Synechocystis PCC 6803 as the test organism. After treatment with 0, 0.05, 0.25, 0.50 and 1.00
mg-L™" Cd** for 24 h, the content of photosynthetic pigments, photosynthetic activity, reactive oxygen species

(ROS) content and superoxide dismutase (SOD) activities were determined. The results showed that there was no
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significant difference in photosynthetic activity between the low-dose 0.05 mg-L™" Cd*" treatment and the control
group. Under treatment with 0.25 mg-L™" Cd*", chlorophyll a content decreased, the PS Il reaction center was
damaged, ROS content was accumulated, the antioxidant enzyme was activated and growth was inhibited. The
maximum photochemical efficiency (F,/F,) decreased significantly at Cd*" concentrations above 0.50 mg-L™', and
the linear electron transport chain of PS Il was blocked. The fast and middle phases of the Q) reoxidation kinetics
curve became significantly longer, inhibiting electron transfer between Q) and Q, impairing the receptor side of PS
I, and slowing down the binding rate between the vacancy site of Q, and PQ. The results showed that Synecho-
cystis PCC 6803 could tolerate less than 0.05 mg-L™" Cd*" stress and Cd*" exhibited stimulant effects; high concen-
trations of Cd*" cause growth inhibition by interfering with PS Il , affecting Q; and Q, in the linear electron trans-
port chain, and the main toxic sites of action of cadmium (receptor proteins) are not known.

Keywords: Cd*"; Synechocystis PCC 6803; photosynthetic activity; antioxidant enzyme activity; toxic effects
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HAERCARIR EE T, 4t BB 3 o 175 5 4801k 17 55 R 52 i)
A AR B IR SGA VR TR AR X S
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FRY BT O A R G A BRSO, BRI 4 R
B S RS A iR A K (OEC) | Ca® fif
RORISER a i Mg 0 KIALICK  fapl ol &
BHEMA IR A SESE, HRETRE
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DMRFF AR AR ] W, 4R i D) A AL
RATASELBE T, T B R A ST,

AR KA AR S R G BRI T T Y
Bk EERIEA BN R —  RERTE
IRLE b i i PR 4 Xt o 4 e UK, B M AR R
HAVEFRVF S B A Y, R KR T 4 R T e
A SRS ) R RN R P N A O A
RGN E AR W IR HILRT B 98 R4
HR T S 20T T 4 e ) A R 1 A0 A 0 )
HU Cd M EEENLEIAS A, B Cd® i 2tk
PEIN 8 520 A R G P AT s AR AE—LE A P JE 1Y
gE U021 Gl PS T A PS 1 X 4 Al BBUR A 77 78 S
W Cd™ A e A7 1 A7 HL £ 3 % %) 0 110350 7 A7

TESPEL . ASCHEPEAE T3 PCC 6803 S Xf 4, R 5T
ANIRIRBE Cd™* %o 4 L B0 S8 A Bl 2% 5 RO B3 TR 1Y
TEPERLN, LAY 48 Cd* 1 FH T i 38 4 i ) S8 b o
A, 2D AT 4 Ja X TR UK i 8 A RE AR S
AVEBEGE VLI VPG B JE A AR A5 XU B A B8
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1 ##l57 % (Materials and methods)
1.1 BPRHRIRE R %A

LN (Synechocystis sp.)PCC 6803 2k H H [EF}
=B 7K Az A W F 5 Fr IR 7K 3 Fh 2 (FACHB-collec-
tion), DA R BG11 ¥i5# 3 (A& EDTA) MG FR M,
1E(30+1) °C 30 ~40 pmol - m™ - s~ FHEEE IR 5
T, LA 130 remin™ FE AT ER IR B %, SR SR 404y
JEIEEETHUVLT01, H A By i) & 55 57 Y 7E 730 nm
IR 3t Ay, MEIHLAE G W) h 42 Fh vk B2
Ay, =01 32 250 mL =, W T8k K
WA o =08 ~ 1LO)HEAN I F A,

3 000 r-min” 75 5.0 5 min Y8 XA K
MIBEL ML, TCRK phik 3 U, B T BGI11 557 5
R D TR IR 1%, A & 100 mL
BG11 ) =i, a#rainiHl cdCl, -2.5H,0
FHEEZARAR, &E&SAHA T Cd® WE
435124 0.05 025 .0.50 F11.00 mg-L™", L 0 mg-L™
YRR R, AR 3 A EE  REF N

24 h,
1.2 $8hrE
1.2.1 BB REENE

Jeb 0 K & &I E anar AP B S mL
59540 4 000 remin”' B0 10 min, F2 B, IIA
5 mL F& ) 90% A HBE TR 215 7E 4 °C VK AR it
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$EH 24 h,4 000 r-min~" Z.0> 10 min f5F, LR,
KAV AN BT E 665 652 F1 470 nm 1<
WG , 2 A AR 45 a(Chl a)FIZEEHE |
E(Can & i,

Chl a (mg-L™")=16.82A,,-928A4,;,

Car (mg-L™")=(10004,,,-191Chl a)2225
1.2.2  IEPHEEROS) & EIE

LN AN AY ROS F & R 96 WS
iz £k (DCFH-DA) K il . DCFH-DA fig 3#E A 40 fitg Y,
Y WRME 5% 4 DCFH,DCFH 5 H,0, 58/ id 4
W 2sE i A AL B A 2 MR DCF, 7E 24 h
ke 8.0, AT 100 mmol-L™" PBS (pH 7.2)Z&
W, FE A PBS 22 MR VR IR 2 X ,200 mL £
FEWINA 96 £L i H B b X (PerkinElmer VICTOR
Nivo , &)kl DCF %G5 B (& K 485 nm Al
RTHA 530 nm) RIS R OGO K 485 nm
MRS 670 nm), i FHIF4 =905 IH— b3
A4 ROS & ik, AR Foop/Feoy THEAEXT ROS

FRE,
1.2. 3  #E ALY 5 AL i (superoxide dismutase,
SOD){ Pl E

HUE %9 4 000 r-min”' B0 10 min Ji5 , #5%
PETET 1 mL AHER7K(0.9% NaCl), JILAGE & #:
k4 CYEMERE,4 °C .1 800 r-min™' B.L> 10 min,
W EWHTEAS & SN E, SOD Ayl & i
PR G (P ), 28 B0 £ FH L BCA 4R
A& WST-1 (R it el & i I8 —1k
SOD % &,

1.2.4  PUETOSCTEF 8N 157 ih 4 (0P F1 PS 11
KICACZERCR(F,/F, )R

OJIP & F,/F, ffi i AquaPen-C AP-C 100
2¢34% (Photon Systems Instruments, Brno, £ 72 )l
L HH E =F —F, F, il F, 4523 40 i 76 1 &
REARZS T (9 fe/ N KA 8 2 i Gad
YA B | 25 IR Y 10 min, W F, A E {8
551 (4 B350 nm,<0.1 pmol-m ™2 -s7"), %GR
ARG A= AR, F, R FHAR Rk ol
(1 800 wmol-m~ s™") &5 800 ms WIS, L) A& G it
[i] R R A | 2 S BE R AR A, KPR A 3R K
HE T 12t AR R, S T A % T R A T
A U A B R X B A A 25 SR AR B OJIP i &
R

1.2.5 Qj HA by e

2 2598 O 5 IR I e FH RO i e O AY
FL6000(Photon Systems Instruments, Brno , £ 53 )l
SER SRR Y 10 min, HX 3 mL S B S Y
PEMBBAFE St 7RO 2 DB Fy, FADE K
BN 4 pso ZJa AT BRI A A TR DGk J H
ZA QL NGy 50 s, BB MU AN DG
G , 98GR B T [, LU R R Q) 1 R4 Ak ad 72
IXER BRI 107 ps 05— KPR EE . S I3C
Hk[27-28], %1 Q PR L 24T = F8 Bl &,
PG IR .

F=Aexp(-/ T\ )T A,exp(=t/ T, )t Asexp(~t/ Ty)+A,
L FAARRAT G 7, A ~ A FRIEE, T, ~
T, SRR [E) 845, 1 52 W fh i) B) o 8 TR R, A
A t,=In2T,

1.2.6 S-state Kl

B3 mL RRINRE S5O b 3 T 6 S
FE F,, RS 1 ms, FlJS T 6ALEIN
JERESFRE i, SGAR G NGB 10 WK, B IR DN G
[E) )% R 100 ms, DA RESFF A (] SRy ik Ak A, 2 G B
TP AEFRVEEIED Y S-state fi1Z™, HR4E S-state (]
28, GG E PSR oL (PS T ) He i vl s i F, 55
4 ICALIEIN G 100 ms &b 3¢ GAE AY 22 {E AT 4G
BB AN AF, = Fy  /Fy =1, B TAE

AR ] AR BEREAIR , T B S AR

PSIL, 1. PSIL(% )=A F,x100(F,y, ,../Fy~1).
1.3 Bdiaortr

AR AW E 3 A FAT, iRk A
SPSS25.0(IBM, USA), Ab B 4 1 %:F 18 21 [] 5% JH #
)7 7% (One-way ANOVA)/Mke 6, 45 25 5 i 2 ok
178/ N 225 7 (LSD) 2 5 L B0k 3 2 7] 22 5% b 3
M, 2 ERE R AL PR R 5T H Y tidyverse £,

2 Z5E (Results)
2.1 MtAEOREGEZL

AR CA* X243 a S aniE 1 s,
005 mg-L™" RIS 4R a S5XTIRATMH LE 2 80
TS L 025,050 F11.00 mg- L™ AbFRAE ) |
M2 % a F i 50 IRAIAH I B2 T RE(P<0.01),
2.2 ROS Ml SOD iitEAEfk

Wk 2 fis kb3 24 h 5, Cd™ ¥ 0.05 mg-
L' AbBiZ 5 %F BB 40 A HE ROS 5 i I 3% [+ (P<
0.01),Cd* " ¥4 025,050 F11.00 mg-L™" AL FRL
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ROS /il Xt HRALAY 147 15 2.58 £i5F12.69 £i%, sk
S HRLL M G, Cd™ MR 0.05.,0.25 F0.50 2

mg- L fi b 2L S 40 J P SOD ¥ M i % 1 T (P< 32

0.05);Cd* ¥ & Jy 1.00 mg - L™" B &b FH 20 3 41 ity rp §,;°~§

SOD ¥ 1 5 % HA 4 22 51 1.3 (P>0.05) €=

2.3 WHREIDTHE L £z I '
SEHESAEAR R Ca FRBE T 45 56 -

A PS I KO A RCR(F/F,) W EL 3 A 4 i = P;;(ifg L ,)

No HE3 AT CA W EE R 1.00 mg-L™", P IETH Concentration/(mg-L")

o H—AKR OTIP 4 mT LA B 4 LU A 45 0 22 i) Y 1 FEREEEFAE 24 h ERELS

Ak CA* M 0.50 mg- L', J I B % Ik (P< a=s BB

0.01), MK 4 AT %0, Cd* ¥ &M 0.50 mg- L' FlI T % FOR 50 AL A7 e M 5

1.00 mg- L' , A B2 F,/F, I TR EAH R ET Fig. 1  Effect on the pigment content in Synechocystis sp. after

F&(P<0.01).,
12 (a)
L 0.8+
8¢
£2
23
2 0.4r-
0_
0 i 5 0. 25
W /(mg-L- l)
Concentration/(mg-L")
2 AERERSEFAIE 24 h £/%E]

exposure to different concentrations of cadmium for 24 h

Note: * indicates significant difference compared with the control group.

005 025 050 .00
e /(mg- L)
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40 (b)

[9%)
=)
T

SODH /(U mg™)
SOD activity/(U-mg™")
s 8
T T

S (ROS) & EFEB KUY LEF(SOD) FHEMTL

T R X IR LU AP AE s 22 5
Fig. 2 Change of reactive oxygen species (ROS) content and superoxide dismutase (SOD) activity in Synechocystis

sp. after exposure to different concentrations of cadmium for 24 h

Note: * indicates significant difference compared with the control group.
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Fig. 3 OJIP fluorescence transients of Synechocystis sp. after exposure to different concentrations of cadmium for 24 h

Note: Relative variable fluorescence is calculated by V,=(F,—F,)(F,—F;).
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F/F,

L
I :
Il 1 |

0.6+
|
0.05 0.25 0.50 1.00
HRRE/(mg L")

041
0.2
Us 1
0
Concentration/(mg-L )
El4 FEIRERESTAE 24 h SMEHN
PS I |R KA FERLER
(F./F, )%k
T FoR SR AP B 2 5
Fig. 4 Change of PS Il maximum photochemical efficiency

(F,/F,) in Synechocystis sp. after exposure to different

concentrations of cadmium for 24 h

Note: * indicates significant difference compared with the control group.

2.4 Cd" ¥ Q FHEALIF IR
WE s fs, REHE Cd™ /T %M Q)
AL 12 b, Cd™ M BE7E 0.50 mg- L™
F11.00 mg- LB, A AR ZEG(F, )4 I 5k 25 (P<0.01)Jik
AN AN . 1 o Q) HEMLMS S, cd
el R 025,050 F11.00 mg-L™", HeAl  rPAH 2 1
Bifi 5 Wk B S 2 R i (P<0.01),
2.5 Cd*XITiEPE PS I i Hty (PS L ) B0
ANV Cd™ 1B FH T % 22 B AR A0 R TN 9%
KJa S-state HIZEANE 6(a)fin, PS IR M 0 1) —
o RBERE T MR Z R Q, (BB 4HIRPZ IR Q,,
R PS I, HEUEITSR4uMapa iy PSIT . (9 LU 25

R 6(b) s, Cd* e JE N 0.50 mg- L™ A1 1. 00
mg-L™" SEN#E PSI b2 LTt

3 112 ( Discussion)

SR e e R S ARMIE B SSH R
A8 JRIE H FAE AL A 7= (ol L o 7 Jmy R oA b v 4
INEA B K, anfl T pel X ok 2% 48 Ao X 5
Cd™ ¥ JEiA%] 100 mg-kg™' DA |, %88 Cd* &L
SEBYTI AV | A A S R G i e 4 SRR
W R R KA A R G 0 B, L i
(1R VR o6 /0 WS 3 5 AP 5 3R W 5 24 M BB 30 min W%
B 70% LA b Cd®' M N RN Cd® il 4R R A Ak
IR SRR TR (14540, ] B R sl R 1 i T
fEish RGE WG DG G R G0, 0 AR S 40 i A0
AEST AT, TE S A T Cd™ A ol e A A IR
AT 0.50 mg- L™ A IG5 2 A0 ok BE RE 5 T 4R M
FEAH LAY AL N R BT AL R S g R S itk
POV B E AR A R BIEAR— B, At &
B, M X ARG R G B, RO A R
B B T S0 oM G, M B SRS AN g T4 A
4= ROSP 4B 1 3 2 T3 ROS 197=/E i
Fraesn, 5HEM N ROS B4 ;i 8 1Y ROS T3
g e A8 TR (R (N RN 37 N e 11D ey
R, SRR A VE AU A R R AR 3R
ALY SR T R R I aE AR ) ROS 4EALE T, 4l
Ha4 AL SOD JH Bk ROS By RN ; X i 15 SOD fiff
TP e g

F/F, JERE s PS TS IE B S
B, RSO A E RO E 8 bR, M IREE
FAF A AE M E , M a E PO & AR AN AR, FL/F,
B AR, 3k ik R AT LS W XoF T 9 4 B

®1 FEKREREFLE 24 h £/EHN Q, BEUHMESH

Table 1 Parameters of Q, reoxidation kinetics in Synechocystis sp. after exposure
to different concentrations of cadmium for 24 h
WE (mg-L7") At Gk A

Concentration Fast phase Middle phase Slow phase
Amg-L™") A, 1% T,/ps Ay 1% T,/ms Ay /% T,/s
0 9540 381 390 4.1 0.70 192
0.05 96.50 350 290 42 0.60 18.5
025 9590 402 3.10 70 090 182
0.50 93.00 453 480 58 2.10 5.1
1.00 6120 3328 2625 8264 125 625

TE: A ~ Ay 18IRIE, T, ~ T, TR
Note: A, ~ A; refer to the amplitude, and 7, ~ T is the time constant.



330 s F

ooz 4R

%17 %

MR BLEY, AR 5T AN Cd™ X 4l it & R 40
MIRETERONY , B JE %% F,/F, B8R0 UESE T Cd™ %
BEANEA RGN TEME RN 5 3% A 25 5 5 ekt i
HEREE R B AR, 78 b3t ik —25 %58 cd™
XHERLEE ONP Mk sz, Bk T & R HA B
PIFIRRN KR, Y CE W E R T 0.5 mg-L™', F,/
F, EEREAL, ) VR 2 FTL SRR SOL &7 R
AN EREFARBCR T B R an T, SE e F 5
FERALEL , 20 PS T IEPEREAS, UhBH T PS T /2 Cd™
FIVEFHEEFREY . 24 Cd* Ky 1.00 mg- L™ i, J-I-P %¢
S5 AR - 22, 1B PS T LR HE 7153
ZEIPEEINEHT, FH] Py, MR IRk
JE Cd* &t & i FAE s

J T BAIE Cd™ i A PS I SZ A5 1, i
1T Q) BRI F & b, 4R ER,
CA R = T 025 mg- L' PAHNHC B B4 hn, 43
EZE PSTLh Q, -3 Q, Bk, 23 Q) # Q,
FL 2 B T SRR D 2% 5 v AH B B S 34 SR A ] Qy
S5 PQ MIZEAPY 25 F Ul IR I ia v R 3L
PS Il ZARMIZ 4, 25 Q, i 5%F PQ M4 A 81E , Q)
3| Qp WP ZFIMHIT , PS I R H O AETE S
it PSIT o7 T2 (AR 58 X, AR AT 20 A L+
ZAK QL HR T RN G T 32K Q,, il ad ML
JEME S-state , FH LA & FALHE R PS I S e
itk LB, S-state 43 BT @7~ , Cd* 7 F 0.25 mg-L™'
FEWALFRRS PSIT  Hbof3i) Sl 253 g, ke T BR 1Y PS T
JRL DA AR RAY PS T, #F— 2 ff B Ab

G2 G2 G2 68 1

AT

(@)
L6} ¢
: < 0mgL
z 3 g +0.05m
Z : ! é 025 m
2 14 s 4 [} ! 0.50 m,
.= § : p P+ 1.00m
Hy $ t b :
23 |1 . : :
Kz 12 l H " ¢
5] 1 | H H
= i\.p ¢ t 8
3 ; .
10 %{f’ 5 & = Q&'er 4 $-5- ',‘.&‘Q—H-.
0.0 0.1 02 0.3 0.4
A /s
Times/s

FT Q) Ml Qp ZIH ML FfE3E 4R, H LA A PS
ISRy e Cd™' 1 R BEAE PR A, ] O IRk
ORI A 7 S 2R VA QAL Vil A S E T I8 A ploees
EX

Cd™" £ L4 52 ) 35 400 1) £ 38 1l o D A K 1
B340 K BFSE & B, 0.25.0.50 F1 1.00 mg - L'
Cd™ b FRAE g i ief | HLnt 0 3 35 1 22 31 0 3
IZEER S O ST GE 25 S 2P 0 5 —Tr
I, A5 0.05 mg- L' Y Cd™ (e AR M et 4 £
MG, 5 ZATRRFFR 45 A IRV Cd*'(0.1 mmol
-LYREME PR A KA S R A Y SR

o0 mgL!
0.4 0.05 mg-L™!
> ’ ¢ 0.25 mg-L™!
= ‘ ©0.50 mg-L!
8 0.3 \ 1.00 mg-L"!
g he )
H o 11
;—g % 0.2 Hm.:.
ol
s ...333 s
= $3800st0g
0.0 HJ , . i)
0 10?10 10° 10!
i 1) /s
Times/s

E5 AEIRERSBFLE24 h £/%E Q, BRMUME
VIR AN F—F, .,
Fig. 5 Q) reoxidation kinetic curves of Synechocystis

sp. after exposure to different concentrations
of cadmium for 24 h

Note: Fluorescence intensity is calculated by F,—F.
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Fig. 6 Fluorescence decay curves (a) and the proportion of inactive PS Il reaction center (PS1I ) (b) of

Synechocystis sp. after exposure to different concentrations of cadmium for 24 h

Note: * indicates significant difference compared with the control group, and fluorescence intensity is calculated by F,/F;.
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