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Fig. 2 Composition of cyr gene clusters from toxin-producing strains including R. raciborskii AWT205 (A), R. raciborskii
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FE-5"-MBEBL IR (PAPS) Ny Cyr) $EAETE L A0 B R 5 1. 55 — S5 M 2504 7-deoxy-desulfo-12-acetyl-CYN & 7£



52 AHEIFERFFRCRHF R 2022 4
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Bl CyrK %% i2 8 1 , SxtF Al SxtM., BF 5% & WIS 40 fL BB A5 7E AN 8+ A B8 i = T HEIR A iR dE R W 47
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Fig.4 Hypothetical HGT events of cyr gene cluster

e @O supel | IO >

T — 0 0§ E— Juypeza [ (DD >
T e— 0 o0 16— Tervezs [ DDA >
et @ I@O— Jeyveze | DN >
ets CIEBC_I@O0— Joes I @@@C

typedh [ DN KO M >

W) royrl, B, . Tt KEFEHHFR0. 6. 92811 1AAMEHRI B (B) 1oy, B HUR
RASMZH R P B, BO=AREAZH BRI FA.

K5 2R RIE R P BRI

Fig.5 [Illustration of sequence types of 2 toxin genes

4 BEMEE

T 0L RS SR 2 7 CYN B 1 ik = A % 1) it A% B0 A T2 BE . A R 35 3R 6 Y 22 W A HIL I A BT 8 22 02
He T AW A5 B R S5 K 23 BT BT A A, R DR A S RE T8 i PR b S ik S B A5 B T B TR R AR R IR Y
U TE RNZRAL 5 Sz 1] 5 A% 2 T B AL, o n] LA UE F B 5 DR A9 20 P9 ZHRE ey 30 TR AE i 1) 5% 72 S5 52 L )
REAR ML T —FhBT Y42 AE R R AR S /AL (A Hh B B AL 30 15 5 TR R B ) R P A G LR LI 0 B 0 0k T4



% 3 4 BFARL . F . OREBEFTED SRS TR LRI 55

RIS CYN & 2 R AL RRAE 1 20 A1 2 W o ey FFAN 2 B — (10 1k Al B 2 v Al 436 A 3508 2 IR e 3] 0 24
L HGT 2 T B A S R A AL i e

A A A B B 5T 1 g L 4 CYN AR W45 g A B BIF 58 7 24 36 46 LA R JLASJ7 1] J T« 7 e 4l Ak T
20 TR T G P DG Sk B S ST T A 1 BT 5 A% S R VR AR AR X R R DR R AT 1o R SRR R ] b I G0 2 A
P B A 0 AT 5 Uk AR 5 DAL B8 0 0 8 L 20 B 2R 45 R TR B8 e T 7 A 0 S B e A R 5T R R S Y
A PRI o 38 o AR 0 5 S A R DA SR8 S L R 3 T A 5 T8 o 22 ™ B A (R A AR TR AR T 0 AT S
6 5 S W B 2R 5 B BRE PR 5 7 A RO () M sl 7 8 7 T b L I I ey R DR RN A L 0 BT 7 o g R L
BRI RS A A WA ) B R vk L R 2 2 M AR T R K i e R B R AL S W B AR S
5L,

& % x W

[1] HOJC,MICHALAK A M,PAHLEVAN N.Widespread global increase in intense lake phytoplankton blooms since the 1980s[ J].Na-
ture,2019,574(7780) :667-670.

[2] PAERL H W,PAUL V J.Climate change:links to global expansion of harmful cyanobacteria[ J]. Water Research,2012,46(5) :1349-1363.

[3] HUANG I S,ZIMBA P V.Cyanobacterial bioactive metabolites—A review of their chemistry and biology[ ]J]. Harmful Algae, 2019,
83:42-94.

[4] BYTH S.Palm Island mystery disease[ ] ].Medical Journal of Australia,1980,2(1):40-42.

[5] HAWKINS P R,RUNNEGAR M T,JACKSON A R,et al.Severe hepatotoxicity caused by the tropical cyanobacterium(blue-green alga)
Cylindrospermopsis raciborskii (Woloszynska) Seenaya and Subba Raju isolated from a domestic water supply reservoir[ J]. Applied and
Environmental Microbiology,1985,50(5):1292-1295.

[6] OHTANII,MOORE R E,RUNNEGAR M T C.Cylindrospermopsin:a potent hepatotoxin from the blue-green alga Cylindrospermopsis
raciborskii[ J].Journal of the American Chemical Society,1992,114(20):7941-7942.

[7] AGUILERA A,GOMEZ E B.KASTOVSKY J.et al. The polyphasic analysis of two native Raphidiopsis isolates supports the unification
of the genera Raphidiopsis and Cylindrospermopsis (Nostocales,Cyanobacteria)[J ].Phycologia,2018,57(2) :130-146.

[8] TERAO K,OHMORI S,IGARASHI K, et al.Electron microscopic studies on experimental poisoning in mice induced by cylindrosper-
mopsin isolated from blue-green alga Umezakia natans[]].Toxicon,1994.32(7) :833-843.

[9] FROSCIO S M,HUMPAGE A R, WICKRAMASINGHE W, et al.Interaction of the cyanobacterial toxin cylindrospermopsin with the eu-
karyotic protein synthesis system[]].Toxicon,2008,51(2):191-198.

[10] REISNER M,CARMELI S, WERMAN M, et al. The cyanobacterial toxin cylindrospermopsin inhibits pyrimidine nucleotide synthesis and
alters cholesterol distribution in mice[ ] ]. Toxicological Sciences,2004,82(2) ;620-627.

[11] RUNNEGAR M T,KONG S M,ZHONG Y Z,et al.Inhibition of reduced glutathione synthesis by cyanobacterial alkaloid cylindrosper-
mopsin in cultured rat hepatocytes[ J ].Biochemical Pharmacology,1995.49(2) :219-225.

[12] DIEZ-QUIJADA L,HERCOG K,STAMPAR M, et al.Genotoxic effects of cylindrospermopsin,microcystin-LR and their binary mixture
in human hepatocellular carcinoma(HepG2)cell line[ ] ]. Toxins,2020,12(12):778.

[13] MOREIRA C,AZEVEDO J,ANTUNES A.et al.Cylindrospermopsin:occurrence, methods of detection and toxicology[J].Journal of Ap-
plied Microbiology,2013,114(3) :605-620.

[14] YANG Y M.YU G L,CHEN Y X.et al. Four decades of progress in cylindrospermopsin research:the ins and outs of a potent cyanotoxin
[J].Journal of Hazardous Materials,2021,406: 124653,

[15] RZYMSKI P,PONIEDZIALEK B.In search of environmental role of cylindrospermopsin:a review on global distribution and ecology of its
producers[ J ].Water Research,2014,66:320-337.

[16] ADAMSKI M,CHRAPUSTA E,BOBER B, et al.Cylindrospermopsin: cyanobacterial secondary metabolite. Biological aspects and poten-
tial risk for human health and life[ J].Oceanological and Hydrobiological Studies,2014,43(4) ;442-449.

[17] BANKER R,TELTSCH B,SUKENIK A, et al.7-Epicylindrospermopsin,a toxic minor metabolite of the cyanobacterium A phanizomenon
o from lake Kinneret, Israel[ J].Journal of Natural Products,2000,63(3) :387-389.

[18] NORRIS R L,EAGLESHAM G K,PIERENS G, et al. Deoxycylindrospermopsin, an analog of cylindrospermopsin from Cylindrosper-
mopsis raciborskii[]].Environmental Toxicology,1999,14(1):163-165.

[19] WIMMER K M,STRANGMAN W K,WRIGHT ] L C.7-Deoxy-desulfo-cylindrospermopsin and 7-deoxy-desulfo-12-acetylcylindrosper-
mopsin:two new cylindrospermopsin analogs isolated from a Thai strain of Cylindrospermopsis raciborskii[J]. Harmful Algae,2014,
37:203-206.

[20] LOOPER R E,RUNNEGAR M T C,WILLIAMS R M.Synthesis of the putative structure of 7-deoxycylindrospermopsin:C7 oxygenation



56 T IR IL K FIRCA RAF RO 2022
is not required for the inhibition of protein synthesis[J]. Angewandte Chemie(International Ed in English),2005.44(25):3879-3881.

[21] BANKER R,CARMELI S, WERMAN M, et al.Uracil moiety is required for toxicity of the cyanobacterial hepatotoxin cylindrospermop-
sin[ ] ].Journal of Toxicology and Environmental Health Part A,2001,62(4) ;281-288.

[22] ANTUNES J T,LEAO P N, VASCONCELOS V M.Cylindrospermopsis raciborskii : review of the distribution, phylogeography,and eco-
physiology of a global invasive species[ ] ].Frontiers in Microbiology,2015.6:473.

[23] BURFORD M A,BEARDALL J,WILLIS A,et al. Understanding the winning strategies used by the bloom-forming cyanobacterium Cy-
lindrospermopsis raciborskii[ J].Harmful Algae.2016,54:44-53.

[24] SIDELEV S,KOKSHAROVA O,BABANAZAROVA O.et al.Phylogeographic, toxicological and ecological evidence for the global distri-
bution of Raphidiopsis raciborskii and its northernmost presence in Lake Nero, Central Western Russia[ J . Harmful Algae, 2020,
98:101889.

[25] LI R H,CARMICHAEL W W.BRITTAIN S, et al.First report of the cyanotoxins cylindrospermopsin and deoxycylindrospermopsin
fromraphidiopsis curvata(cyanobacteria)[ J].Journal of Phycology,2001,37(6):1121-1126.

[26] MCGREGOR G B,SENDALL B C,HUNT L T,et al.Report of the cyanotoxins cylindrospermopsin and deoxy-cylindrospermopsin from
Raphidiopsis mediterranea skuja(cyanobacteria/nostocales)[J].Harmful Algae,2011,10(4) :402-410.

[27] PREUBEL K,STUKEN A, WIEDNER C,et al.First report on cylindrospermopsin producing A phanizomenon flos-aquae(Cyanobacteria)
isolated from two German lakes[J]. Toxicon,2006,47(2):156-162.

[28] HARADA K I,OHTANI I.IWAMOTO K.,et al.Isolation of cylindrospermopsin from a cyanobacterium Umezakia natans and its screen-
ing method[ J]. Toxicon,1994,32(1) ;:73-84.

[29] KOKOCINSKI M, MANKIEWICZ-BOCZEK J,JURCZAK T, et al. A phanizomenon gracile(nostocales) ,a cylindrospermopsin-producing
cyanobacterium in Polish lakes[ ] ].Environmental Science and Pollution Research International,2013,20(8) :5243-5264.

[30] MAZMOUZ R,CHAPUIS-HUGON F,MANN S, et al.Biosynthesis of cylindrospermopsin and 7-epicylindrospermopsin in Oscillatoria
sp.strain PCC 6506 :identification of the cyr gene cluster and toxin analysis[J]. Applied and Environmental Microbiology,2010,76(15) :
4943-4949.

[31] SPOOF L,BERG K A,RAPALA J,et al.First observation of cylindrospermopsin in Anabaena lapponica isolated from the boreal environ-
ment(Finland) [J].Environmental Toxicology,2006,21(6) :552-560.

[32] SEIFERT M,MCGREGOR G,EAGLESHAM G, et al.First evidence for the production of cylindrospermopsin and deoxy-cylindrosper-
mopsin by the freshwater benthic cyanobacterium, Lyngbya wollei(Farlow ex Gomont) Speziale and Dyck[]J]. Harmful Algae,2007,6(1) :
73-80.

[33] BANKER R,CARMELI S,HADAS O,et al.Identification of cylindrospermopsin in Aphanizomenon ovalisporum(Cyanophyceae)isolated
from lake Kinneret,Israell[J].Journal of Phycology,1997.33(4):613-616.

[34] SCARLETT K R,KIM S.LOVIN L M,et al.Global scanning of cylindrospermopsin: critical review and analysis of aquatic occurrence,
bioaccumulation, toxicity and health hazards[ J].Science of the Total Environment,2020,738:139807.

[35] SAKER M L.,GRIFFITHS D J.The effect of temperature on growth and cylindrospermopsin content of seven isolates of Cylindrosper-
mopsis raciborskii (Nostocales, Cyanophyceae) from water bodies in northern Australia[ J].Phycologia,2000,39(4) :349-354.

[36] PREUBEL K.WESSEL G,FASTNER J.et al.Response of cylindrospermopsin production and release in A phanizomenon flos-aquae(Cya-
nobacteria) to varying light and temperature conditions[ J]. Harmful Algae,2009,8(5) :645-650.

[37] SHALEV-MALUL G.LIEMAN-HURWITZ J.VINER-MOZZINI Y.et al. An AbrB-like protein might be involved in the regulation of
cylindrospermopsin production by A phanizomenon ovalisporum[]].Environmental Microbiology,2008,10(4) :988-999.

[38] HAWKINS P R,PUTT E,FALCONER I,et al. Phenotypical variation in a toxic strain of the phytoplankter,Cylindrospermopsis racibor-
skii (Nostocales, Cyanophyceae) during batch culture[ J]. Environmental Toxicology,2001,16(6) :460-467.

[39] SAKER M L.NEILAN B A.Varied diazotrophies. morphologies,and toxicities of genetically similar isolates of Cylindrospermopsis raci-
borskii (Nostocales, Cyanophyceae) from Northern Australial J]. Applied and Environmental Microbiology,2001,67(4):1839-1845.

[40] BACSI I, VASAS G, SURANYI G, et al. Alteration of cylindrospermopsin production in sulfate-or phosphate-starved cyanobacterium
A phanizomenon ovalisporum[ ] ].FEMS Microbiology Letters,2006,259(2) :303-310.

[41]7 BAR-YOSEF Y,SUKENIK A,HADAS O,et al.Enslavement in the water body by toxic Aphanizomenon ovalisporum,inducing alkaline
phosphatase in phytoplanktons[J].Current Biology,2010,20(17):1557-1561.

[42] MIHALI T K,.KELLMANN R,MUENCHHOFF J,et al.Characterization of the gene cluster responsible for cylindrospermopsin biosyn-
thesis[J]. Applied and Environmental Microbiology,2008,74(3) :716-722.

[43] FISCHBACH M A,WALSH C T,CLARDY J.The evolution of gene collectives: how natural selection drives chemical innovation[ J ].Pro-
ceedings of the National Academy of Sciences of the United States of America,2008,105(12) :4601-4608.

[44] KEHR J C,GATTE PICCHI D,DITTMANN E.Natural product biosyntheses in cyanobacteria:a treasure trove of unique enzymes[]J].

Beilstein Journal of Organic Chemistry,2011,7:1622-1635.



» BAE DT A DA R T Ak G AT 57

[46]

[47]

[48]

[49]

[54]

[56]

[57]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

JIANG Y G,XIAO P,YU G L,et al.Sporadic distribution and distinctive variations of cylindrospermopsin genes in cyanobacterial strains
and environmental samples from Chinese freshwater bodies[J]. Applied and Environmental Microbiology,2014,80(17) :5219-5230.
JIANG Y G,XIAO P,YU G L,et al. Molecular basis and phylogenetic implications of deoxycylindrospermopsin biosynthesis in the cya-
nobacterium Raphidiopsis curvatal J]. Applied and Environmental Microbiology.2012,78(7) :2256-2263.

STUKEN A,JAKOBSEN K S.The cylindrospermopsin gene cluster of Aphanizomenon sp.strain 10E6: organization and recombination
[J].Microbiology(Reading, England) ,2010,156(8) : 2438-2451.

JIANG Y G,CHEN Y X,YANG S M, et al.Phylogenetic relationships and genetic divergence of paralytic shellfish toxin-and cylindrosper-
mopsin-producing Cylindrospermopsis and Raphidiopsis[J].Harmful Algae,2020,93:101792.

BURGOYNE D L.HEMSCHEIDT T K,MOORE R E,et al.Biosynthesis of cylindrospermopsin[J]. The Journal of Organic Chemistry.,
2000,65(1) :152-156.

LEE G T,KIM W J,CHO Y D.Polyamine synthesis in plants.Purification and properties of amidinotransferase from soybean(Glycine
max)axes| ] ].Phytochemistry,2002,61(7) :781-789.

HUMM A.FRITSCHE E,STEINBACHER S.Structure and reaction mechanism of L-arginine:Glycine amidinotransferase[ ]J].Biological
Chemistry,1997,378(3/4) :193-197.

HUMM A,FRITSCHE E,STEINBACHER S, et al.Crystal structure and mechanism of human L-arginine:Glycine amidinotransferase:a
mitochondrial enzyme involved in creatine biosynthesis[ J]. The EMBO Journal,1997,16(12) :3373-3385.

KELLMANN R,MILLS T,NEILAN B A.Functional modeling and phylogenetic distribution of putative cylindrospermopsin biosynthesis
enzymes[ J].Journal of Molecular Evolution,2006,62(3) ;:267-280.

MUENCHHOFF J,SIDDIQUI K S,POLJAK A.,et al.A novel prokaryotic l-arginine:Glycine amidinotransferase is involved in cylindro-
spermopsin biosynthesis[ J . The FEBS Journal,2010,277(18) :3844-3860.

MUENCHHOFF J,SIDDIQUI K S,NEILAN B A.Identification of two residues essential for the stringent substrate specificity and active
site stability of the prokaryotic l-arginine:Glycine amidinotransferase CyrA[]J].The FEBS Journal.2012,279(5) :805-815.
BARON-SOLA A,SANZ-ALFEREZ S,DEL CAMPO F F.First evidence of accumulation in cyanobacteria of guanidinoacetate,a precur-
sor of the toxin cylindrospermopsin[J].Chemosphere,2015,119:1099-1104.

BALDWIN J E.,THOMAS R C,KRUSE L I,et al.Rules for ring closure:ring formation by conjugate addition of oxygen nucleophiles[ J].
The Journal of Organic Chemistry,1977,42(24) :3846-3852.

CULLEN A,PEARSON L A,MAZMOUZ R, et al.Heterologous expression and biochemical characterisation of cyanotoxin biosynthesis
pathways[ ] ].Natural Product Reports,2019,36(8):1117-1136.

MAZMOUZ R,CHAPUIS-HUGON F,PICHON V,et al. The last step of the biosynthesis of the cyanotoxins cylindrospermopsin and 7-
epi-cylindrospermopsin is catalysed by Cyrl,a 2-oxoglutarate-dependent iron oxygenase[ ] ].ChemBioChem,2011,12(6) ;858-862.
MAZMOUZ R,ESSADIK I, HAMDANE D, et al.Characterization of Cyrl,the hydroxylase involved in the last step of cylindrospermopsin
biosynthesis: binding studies,site-directed mutagenesis and stereoselectivity[ J ]. Archives of Biochemistry and Biophysics.2018,647:1-9.
SOTO-LIEBE K,MENDEZ M A,FUENZALIDA L,et al. PSP toxin release from the cyanobacterium Raphidiopsis brookii D9 (Nosto-
cales) can be induced by sodium and potassium ions[ ] ]. Toxicon,2012,60(7) :1324-1334.

STUCKEN K,JOHN U,CEMBELLA A,et al. The smallest known genomes of multicellular and toxic cyanobacteria: comparison, mini-
mal gene sets for linked traits and the evolutionary implications[ J].PLoS One,2010,5(2) :e9235.

HANSEL A, AXELSSON R,LINDBERG P, et al.Cloning and characterisation of a hyp gene cluster in the filamentous cyanobacterium
Nostoc sp.strain PCC 73102[ J].FEMS Microbiology Letters,2001,201(1) :59-64.

SAKER M L,NEILAN B A,GRIFFITHS D ]J.Two morphological forms of Cylindrospermopsis raciborskii (cyanobacteria)isolated from
Solomon Dam, palm island . Queensland[ J].Journal of Phycology,1999.35(3):599-606.

YANG Y M,CHEN Y X,CAI F F,et al. Toxicity-associated changes in the invasive cyanobacterium Cylindrospermopsis raciborskii in
response to nitrogen fluctuations[ J ].Environmental Pollution,2018,237:1041-1049.

RIGAMONTI N, AUBRIOT L, MARTIGANI F, et al. Effect of nutrient availability on cylindrospermopsin gene expression and toxin
production in Cylindrospermopsis raciborskii[ J]. Aquatic Microbial Ecology,2018,82(1):105-110.

YANG Y M,JIANG Y G.LI X C,et al. Variations of growth and toxin yield in Cylindrospermopsis raciborskii under different phosphor-
us concentrations| J]. Toxins,2016,9(1):13.

DITTMANN E,FEWER D P,NEILAN B A.Cyanobacterial toxins: biosynthetic routes and evolutionary roots[ ] ]. FEMS Microbiology
Reviews,2013,37(1) :23-43.

RANTALA A,FEWER D P,HISBERGUES M, et al.Phylogenetic evidence for the early evolution of microcystin synthesis[ ] ].Proceed-
ings of the National Academy of Sciences of the United States of America,2004,101(2):568-573.

STUCKEN K, MURILLO A A,SOTO-LIEBE K, et al. Toxicity phenotype does not correlate with phylogeny of Cylindrospermopsis
raciborskii strains[ J].Systematic and Applied Microbiology,2009,32(1) ;:37-48.



58 AHEIFERFFRCRHF R 2022 4

[71] JORDAN I K,ROGOZIN I B,WOLF Y I.et al.Essential genes are more evolutionarily conserved than are nonessential genes in bacteria
[J].Genome Research,2002,12(6) :962-968.

[72] YILMAZ M.PHLIPS E ].Diversity of and selection acting on cylindrospermopsin cyrB gene adenylation domain sequences in Florida[ J].
Applied and Environmental Microbiology,2011,77(7):2502-2507.

[73] DAGOSTINO P M,YEUNG A C Y,POLJAK A,et al.Comparative proteomics of the toxigenic diazotroph Raphidiopsis raciborskii(cya-

nobacteria)in response to iron[ ]J].Environmental Microbiology.2021,23(1) :405-414.

Molecular basis and evolutionary characteristics of
cylindrospermopsin biosynthesis

Jiang Yongguang', Wang Zhigao', Wang Chunbo’

(1. School of Environmental Studies, China University of Geosciences, Wuhan 430074, China;

2. Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China)

Abstract: Cylindrospermopsin is an alkaloid cyanotoxin produced by bloom-forming cyanobacteria such as Raphidiopsis.
According to toxicological studies, cylindrospermopsin causes toxic effects on several organs, especially on liver. Although the
toxicity of cylindrospermopsin is weaker than microcystin, a higher concentration of cylindrospermopsin may accumulate in wa-
ter bodies due to its structural stability and water solubility, amplifying the health risk in drinking water. In addition, bioaccu-
mulation of cylindrospermopsin may occur through food chain, leading to more severe poisoning. Owing to the worldwide dis-
persal of Raphidiopsis blooms, cylindrospermopsin has attracted widespread concerns from researchers and water administra-
tors. As a secondary metabolite, the biosynthesis of cylindrospermopsin starts from small-molecule substrate and is catalyzed
by several special enzymes. The genes encoding these enzymes forms a cluster on the genome. The biosynthesis gene clusters of
cylindrospermopsin are similar among different cyanobacterial species and their differences include variations of sequences and
gene arrangements. Studies on cylindrospermopsin biosynthesis genes and their function are beneficial to developing reliable mo-
lecular detection methods and predicting toxin risk during water blooms as well. Also, in-depth knowledge of the biosynthesis
and evolution of cyanobacterial secondary metabolites could provide a reference for synthesizing novel active compounds by utili-
zing and reconstructing these naturally metabolic pathways. In this review, the molecular basis and evolutionary characteristics
of cylindrospermopsin biosynthesis were discussed systematically in order to provide a comprehensive understanding of cylin-
drospermopsin at molecular level for researchers in related fields.

Keywords: cyanotoxin; cylindrospermopsin; biosynthesis; gene cluster; phylogenetics
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