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Figure 1. Effects of a-ionone on the growth of
C. reinhardtii. CK: the control. **: compared to the

control, the significant difference at P<0.01 level.
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Figure 2. Effects of 0.2 mmol/L a-ionone on absorbance spectra of photosynthetic pigments in C. reinhardtii.

A the control, without a-ionone treatment; B: the treatment with a-ionone at 0.2 mmol/L.

Qb 4y W ST A 5 A R o ) A T SR MR AT, X R
HGE 6 R B (5] 2-B).
2.3 o-EF WX Fv/Fm f M

K1 0.2 mmol/L a5 2 AL BESK P AEE 1 h

&, H Fv/Fm B3 P<0.0 K T-XF 1, Fifi kb BT

ALK, Fv/Fm Z#iREA%, FFEAEALIE 24 h B &
(&l 3).
1.0
—0—CK
0.8F —O—o-ionone

Fv/Fm

0.4}

02r

t/h

B 3. 0.2 mmol/L o-% 5 Ei3 3 HE K E Fv/Fm RIS
Figure 3. Effects of 0.2 mmol/L a-ionone on Fv/Fm
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B: Caspase-3-like. **: compared to the control, significant difference at P<0.01 level.

bp M 0 1 2 6 12 24(h)

2000
1000
750
500

250

100

5. 0.2 mmol/L o-%5 T i %} DNA ladders HJ 520
Figure 5. Effect of 0.2 mmol/L a-ionone on DNA
ladders. M: DNA marker.

S Micrasterias denticulata PCDPY}, #E40E
B YEREI B WA . SRHT 0.2 mmol/L a- %5 % i b
PSR AHE ST, HOGH B R B WM 2),
Fv/Fm Z 8 55 E 24 h 524l (E 3), XFE
WIS I SE T AR SRSE , T Al REJE PCD.

Caspases G 1L 541 PCD 1 B2 28 V1A 5, H
I AR FLEh P AN ML b & 30, AR ) A 2R 4 i
o 5D RE ARl B B BEFR A caspase-likes. 7
&4 PCD B, 46 2R ¢ il ik iR [ 18 i
LI AR S5 Apaf-1 11 caspase-9 AHZE
A, LTS PCD #4271 Y caspase G-I i i 12
Caspase-9 J& WIIEAR ST 3173+, Al 0E 200 T il
caspases, fUFE5| & DNA [&f# 1 caspase-329, it
Ai, ANE IR caspase-8 LA LT caspase-3171,
TEBEANME Y, caspase-like % 1L J& H: PCD Ay &
R AE P28 ] S Ak ar Bk i s T P
o- 55 2 [l b B AT IO S B AKBE caspase-9-like Fl
caspase-3-like, H P #E GG HEM -, X
W caspase-3-like MW iZJ&H caspase-9-like i1
PIRRAR IS (18] 4), ZEMT5] % DNA FER (& 5).

MY & 4 PCD B, DNA Pk F fif I 52 31
ladders 2 HMLAMFAEPY | SRITHFIEFTA PCD id 2
#RAEAE ladders!™"), 4N, UV, Hy0, I 257}
75 TP EE PCD B23 Bl DNA ladders™> ",

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



2888

Jiawen Yin et al. | Acta Microbiologica Sinica, 2021, 61(9)

M. KR B o-ANHEEF S A H
P DNA ladders!">'"*", 3 Al EJ2& il T e 40 i bk &
MiF G HF AR PG AP H, 0.2 mmol/L
o-28 DAL PESE B ACEE 1 h B HH P PCD ML 7R
fiE——DNA ladders, Fifig 4k F A ] 4 £ DNA P&
f WG, 1€ 24 h B REA# A 100250 bp F Bt
(Bl 5).

Wi VOCs X HoAth 3 28 A K HA I il i) Ak
PERPHT, a- B EZ S VOCs 1 21k
sy 2 —P, Halal i S PCD RURAEIE K
B, X R E VOCs i@ AT PCD DL L
AN R, DT £ 22 388 A & 3 SR A AR AR AR 3
i

2 % X M

[1] Ye CL, Yang YY, Xu QH, Ying BB, Zhang MQ, Gao B, Ni
BB, Yakefu Z, Bai Y, Zuo ZJ. Volatile organic compound
emissions from Microcystis aeruginosa under different

concentrations.

phosphorus sources and

Research, 2018, 66(1): 15-22.

Phycological

[2] Zuo ZJ. The review of research advances in algal volatile
organic compounds. Acta Hydrobiologica Sinica, 2017,
41(6): 1369-1379. (in Chinese)

JERYT. BERIRE R ST SR, KA A4k,
2017, 41(6): 1369-1379.

[3] Ikawa M, Sasner JJ, Haney JF. Activity of cyanobacterial
and algal odor compounds found in lake waters on green
alga Chlorella pyrenoidosa growth. Hydrobiologia, 2001,
443(1/2/3): 19-22.

[4] Zuo ZJ. Why algae release volatile organic compounds-the
emission and roles. Frontiers in Microbiology, 2019, 10:
491.

[5] Li YX, Li DH. Competition between toxic Microcystis
aeruginosa and nontoxic Microcystis wesenbergii with
Anabaena PCC7120. Journal of Applied Phycology, 2012,
24(1): 69-78.

actamicro@im.ac.cn

(6]

(7]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Zuo ZJ, Yang YY, Xu QH, Yang WT, Zhao JX, Zhou L.
Effects of phosphorus sources on volatile organic compound
emissions from Microcystis flos-aquae and their toxic effects
on Chlamydomonas reinhardtii. Environmental Geochemistry
and Health, 2018, 40(4): 1283-1298.

Xu QH, Yang L, Yang WT, Bai Y, Hou P, Zhao JX, Zhou L,
Zuo ZJ. Volatile organic compounds released from
Microcystis flos-aquae under nitrogen sources and their toxic
Chlorella  vulgaris.
Environmental Safety, 2017, 135: 191-200.

Zhao JX, Yang L, Zhou L, Bai Y, Wang B, Hou P, Xu QH,

effects on Ecotoxicology and

Yang WT, Zuo ZJ. Inhibitory effects of eucalyptol and
in Chlorella
2016, 55(6):

limonene on the photosynthetic abilities
vulgaris  (Chlorophyceae). Phycologia,
696-702.

Chang DW, Hsieh ML, Chen YM, Lin TF, Chang JS.
Kinetics of cell Lysis for Microcystis aeruginosa and
Nitzschia palea in the exposure to B-cyclocitral. Journal of
Hazardous Materials, 2011, 185(2/3): 1214-1220.

Tan K, Wen CX, Feng HL, Chao XT, Su H. Nuclear
dynamics and programmed cell death in Arabidopsis root
hairs. Plant Science, 2016, 253: 77-85.

Yekkour A, Tran D, Arbelet-Bonnin D, Briand J, Mathieu F,
Lebrihi A, Errakhi R, Sabaou N, Bouteau F. Early events
induced by the toxin deoxynivalenol lead to programmed
cell death in Nicotiana tabacum cells. Plant Science, 2015,
238: 148-157.

Guaragnella N, Antonacci L, Giannattasio S, Marra E,
Passarella S. Catalase T and Cu, Zn-superoxide dismutase in
the acetic acid-induced programmed cell death in
Saccharomyces cerevisiae. FEBS Letters, 2008, 582(2):
210-214.

Zuo ZJ, Zhu YR, Bai YL, Wang Y. Acetic acid-induced
programmed cell death and release of volatile organic
compounds in Chlamydomonas reinhardtii. Plant Physiology
and Biochemistry, 2012, 51: 175-184.

Dingman JE, Lawrence JE. Heat-stress-induced programmed

cell death in Heterosigma akashiwo (Raphidophyceae).
Harmful Algae, 2012, 16: 108-116.

Bidle KD. Programmed cell death in unicellular
phytoplankton.  Current  Biology, 2016,  26(13):
R594-R607.



FEZE | YR, 2021, 61(9)

2889

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Zhou TR, Zheng J, Cao HS, Wang XJ, Lou K, Zhang XH,
Tao Y. Growth suppression and apoptosis-like cell death in
Microcystis aeruginosa by H;0,: a new insight into
extracellular and intracellular damage pathways. Chemosphere,
2018, 211: 1098-1108.

Chen YT, Weng YY, Zhou M, Meng YY, Liu JL, Yang L,
Zuo ZJ. Linalool- and a-terpineol-induced programmed cell
death in Chlamydomonas reinhardtii. Ecotoxicology and
Environmental Safety, 2019, 167: 435-440.

Liu XS, Shi CF, Xu XG, Li XJ, Xu Y, Huang HY, Zhao YP,
Zhou YW, Shen HC, Chen C, Wang GX. Spatial
distributions of B-cyclocitral and B-ionone in the sediment
and overlying water of the west shore of Taihu Lake. Science
of the Total Environment, 2017, 579: 430-438.

Yao XJ, Liu DF, Yang ZJ, Fang XF, Hu XL, Fang LJ, Tian
ZB. Distribution  characteristics of  phytoplankton
community structure in Xiangxi bay of Three Gorges
reservoir during spring and summer. Journal of Sichuan
University: Engineering Science Edition, 2012, 44(S2):
211-220. (in Chinese)

Wegr s, XU4Ew, HIEME, /N, B, Jrunid, m
PR, =0 K T B TR JEE VS K e R V) VR U A ) A T
F A REAE. D) R4k TR M, 2012, 44(S2):
211-220.

Ma QL, Hu F, Guo QW, Xu ZC, Yao LA, Zhao XM.
Eutrophication  characteristics and  distribution  of
reservoir in

2014, 34(6):

phytoplankton communities in Liuduzhai

summer. Acta Scientiae Circumstantiae,
1497-1504. (in Chinese)

T-H, 8155, BEIAE, VPR, BERSE, B N
FOKPEH 25 BRI 5 BRI Y 4 6 RRAEE5Y . 3
WEARL2E2E AR, 2014, 34(6): 1497-1504.

Gorman DS, Levine RP. Cytochrome f and plastocyanin:
their sequence in the photosynthetic electron transport chain
of Chlamydomonas reinhardi. Proceedings of the National
Academy of Sciences of the United States of America, 1965,
54(6): 1665-1669.

Sirisha VL, Sinha M, D'Souza JS. Menadione-induced

caspase-dependent programmed cell death in the green

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

chlorophyte = Chlamydomonas  reinhardtii. Journal of
Phycology, 2014, 50(3): 587-601.

Segovia M, Berges JA. Inhibition of caspase-like activities
prevents the appearance of reactive oxygen species and
dark-induced apoptosis in the wunicellular
Dunaliella tertiolectal. Journal of Phycology, 2009, 45(5):
1116-1126.

Affenzeller MJ, Darehshouri A, Andosch A, Liitz C,

Liitz-Meindl U. Salt death

chlorophyte

stress-induced cell in the
unicellular green alga Micrasterias denticulata. Journal of
Experimental Botany, 2009, 60(3): 939-954.

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M,
Alnemri ES, Wang XD. Cytochrome ¢ and dATP-dependent
formation of apaf-1/caspase-9 complex initiates an apoptotic
protease cascade. Cell, 1997, 91(4): 479-489.

Murik O, Elboher A, Kaplan A. Dehydroascorbate: a
possible surveillance molecule of oxidative stress and
programmed cell death in the green alga Chlamydomonas
reinhardtii. New Phytologist, 2014, 202(2): 471-484.

Riedl SJ, Salvesen GS. The apoptosome: signalling platform
of cell death. Nature Reviews Molecular Cell Biology, 2007,
8(5): 405-413.

Banares-Espaiia E, Kromkamp JC, Lopez-Rodas V, Costas E,
Flores-Moya A. Photoacclimation of cultured strains of the
cyanobacterium Microcystis aeruginosa to high-light and
low-light conditions. FEMS Microbiology Ecology, 2013,
83(3): 700-710.

Nedelcu AM. Evidence for p53-like-mediated
responses in green algae. FEBS Letters, 2006, 580(13):
3013-3017.

Vavilala SL, Gawde KK, Sinha M, D’Souza JS. Programmed

stress

cell death is induced by hydrogen peroxide but not by
excessive ionic stress of sodium chloride in the unicellular
green alga Chlamydomonas reinhardtii. European Journal of
Phycology, 2015, 50(4): 422-438.
Yordanova ZP, Woltering EJ, Kapchina-Toteva VM,
lakimova ET. Mastoparan-induced programmed cell death in

the unicellular alga Chlamydomonas reinhardtii. Annals of

Botany, 2013, 111(2): 191-205.

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



2890 Jiawen Yin et al. | Acta Microbiologica Sinica, 2021, 61(9)

Programmed cell death in Chlamydomonas reinhardtii induced
by cyanobacterial volatile a-ionone

. . # . # . . . . . .

Jiawen Yin", Kaiqi Zhu", Bingqi Ye, Jialu Liu, Qianpeng Yu, Sun Xu, Qing Sun,
.. *

Zhaojiang Zuo

State Key Laboratory of Subtropical Silviculture, Zhejiang A&F University, Hangzhou 311300, Zhejiang Province, China

Abstract: [Objective] Allelopathic effects of cyanobacterial volatile organic compounds (VOCs) on other algae
promote cyanobacteria becoming the dominant species in eutrophicated waters. The aim of the present study is to
uncover the allelopathic lethal mechanism of cyanobacterial VOCs by using a-ionone. [Methods] In the treatment
with a-ionone, the cell growth of Chlamydomonas reinhardtii was investigated, and the photosynthetic abilities,
caspase-like activities and DNA ladders were investigated at lethal concentration. [Results] When C. reinhardtii
cells were treated with a-ionone at 0.05 and 0.1 mmol/L, the cell growth was significantly inhibited, and 38.3% of
the cells were killed by 0.1 mmol/L a-ionone. However, all the cells were killed by 0.2 mmol/L a-ionone. During
the cell death, the photosynthetic pigments gradually degraded with prolonging the treatment time, and Fv/Fm
gradually declined and even disappeared, indicating that the cell death is not a necrosis. Meanwhile, the activities of
caspase-9-like and caspase-3-like increased remarkably. In the treatment with 0.2 mmol/L a-ionone for 1 h, DNA
showed ladders and then gradually degraded to the fragments of 100-250 bp. [Conclusion] This suggests that
cyanobacterial VOCs play the allelopathic role by inducing programmed cell death.

Keywords: cyanobacteria, Chlamydomonas reinhardtii, a-ionone, programmed cell death, allelopathic mechanism
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