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Microcystis (Cyanobacteria, Chroococcales) is one of the green tide-causing organisms in freshwaters,
and some species produce microcystin that is hepatotoxin. In the aspects of freshwater quality controls
and health concerns, therefore it is necessary to manage the harmful organisms. In the present study,
RNA polymerase beta subunit (rpoB) gene sequences of Microcystis were determined and characterized
in order to use a potential marker for the molecular detections of the species. Microcystis rpoB showed
high divergences of DNA similarity and genetic distances when compared with those of 16S rRNA,
and the molecular differences were statistically significant (Student t-test, p<0.05). Parsimony analyses
showed the rpoB gene evolves more than 2-fold faster than 16S rRNA. In addition, phylogeny of the
rpoB gene separated each M. aeruginosa strain more clearly compared with a 16S rRNA tree. This
study found that the order Chroococcales, including Microcystis, has approximately two rRNA operons
and single copy of the rpoB gene in their chromosomes. These results suggest that the rpoB gene is a
useful marker for the molecular phylogenetics and the detection of Microcystis.
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ANAEZ+= Anabaena, Aphanocapsa, Microcystis, Nostoc,
Oscillatoria 5°] Utk dEZe| HAAl E5lA cyano-
bacteria T#=5-2]o] QIHSHA LAYsIaL 9lom, ol wE A
BiAle] @EF 2hdA Falzt wie- =Tk, EH el
Q1 Microcystise &=l d28] 33, microcystin®|2k= 7+
=2x(hepatotoxin) & 7HAIL lo] -8 B AT 2HollA
S5 wol gtk Microcystis 472 A1) e, A|E wjd w
H g Qg Sl wet Zbzke] Fog FEEW((23), HEARd
Z& M. aeruginosaZ FAAC] RHEHOZ FEIEITH33).
MARAZIFHWHO)= 5 cyanobacteria (|, Anabaena,
Microcystis) 2F8 FALS P8k gEEb] 9t {3
27 WIS FYsI9o(2), E UE cyanobacteria 917
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microcystin A& 712K(32), microcystin7AE(25, 40), micro-
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S|E cyanobacteriadll oJ3h =TS 872 Sl &
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Table 1. Origins of Microcystis and relative generic (Cyanobacteria; Chroococcales) strains, and DNA sequence GenBank accession

numbers

GenBank accession nos.

Species Strain Isolation locality References
16S rpoB

Microcystis aeruginosa NIER-10024 Korea: Hapcheon Reservoir - HM991458 This study
Microcystis aeruginosa NIER-10001 Korea: Daechung Reservoir AY065975 HM991459 This study
Microcystis aeruginosa NIES-107 Japan: Lake Kawaguchi Yamanashi U40333 HM991460 This study; (30)
Microcystis aeruginosa NIES-298 Japan: Lake Kasumigaura Ibaraki FJ461749* HM991461 This study
Microcystis aeruginosa NIES-843 Japan: Lake Kasumigaura Ibaraki AP009552+# AP009552#  (17)

Microcystis aeruginosa UTEX 2388 Canada: Bruno, Saskatchewan DQ648030* HM991462 This study

Microcystis aeruginosa PCC 7806
Cyanothece sp.
PCC 7942

Thermosynechococcus BP-1
elongatus

Synechococcus elongatus

Japan: ?

Netherlands: Water, Braakman reservoir AF139299
ATCC 51142 USA: Intertidal area near Port Aransas NC_010546#
USA: Fresh water, California

AM778948# (10, 40)
NC_010546# (42)
NC_007604#* NC_007604#
NC_004113# NC_004113# (29)

# Genome sequence; * Direct GenBank submission.

Fol® = Microcystis®] AX sxo oa)] =2 E=Em, ofuf
Microcystis9] 7383t F(species)S H31A] &=t} oA
cyanobacteria A¥2] =717} w9 2F31(1-10 pm O] 3h, AP
A e TAl(colony)E AT Hr|HoE TS uletsty]
HOHH% B2 oA A4 ARE mEo] ﬁ-:rLﬂﬂ o]
. BESh Z47e] Fo| iAo R fAlslal #7 7o) wet
4 ] ﬂﬂﬂ ol Agek FA o] oAHTH).

ol gk ko2 EAMIESHY 7P ]85 el 3l
om, o7l 16S rRNA 24, 16S-23S ITS (Internal
Transcribed Spacer) 4], A4A] phycocyanin®] RFLP
(Restriction Fragment Length Polymorphism), RAPD (Randomly
Amplified Polymorphic DNA) 5] 1th27, 30, 35). ol
+© cyanobacteria®] =4~ *g?aﬂoﬂ HATH= mey FRAAE 9]

4381 MicrocystisE =3 e 771 A=H7|= TS,
40).

ARbHo g FHA; rFAZA] 16S IRNA 327 o851
21, cyanobacteria®] 78-F- ZAE 7K closely related species)
AL A =7] wiEol| Anabaena & TEE, Micro-
cystis &9l &3k TES FEI] WS- ofHh Tk Al
16S tRNA+ multiple tRNA 23] &(operon) 2.2 TAE o]
©1™(20), cyanobacteria®] 75 Als(genome)ol] ek 57)
459l 16S rRNA F34F Qu&e] & Ao FA3kar 3l
ot 22 FAAY(intragenomic)oll EA]8}= 16S rRNA F3
2k} A7IMES tAR 2o, 3= BEARE(copy)Rt ZFol7t
AR E 3tk o]9} 28 16S tRNA WHole g71xE 7|8k
9] cyanobacteria 75 W3lsH 31, 53] ¢ AU
o] 16S rRNA FAA7E ofe] 7l EAlghs 4%, 16S
rRNA-7]H]'9§ AR AES sl A7 H71% $th20).

3k, Microcystis9] 734-%-9l= microcystinS T =3Hcoding) 3}

UE 22 JAHmeyd-NS o2 FHA 2%
probe)7} AR POt =4S 217 Qe £3) 2kA] = 2

Yo A polymerase chain reaction (PCR) AHEo] ZEE| o]

g

5 Microcystis TS ZA|517] 9% F-3AF AAZH &
<] FAI7F 3UTh40).

16S tRNA thAE 4= )= o2 AN, DNA gyrase,
RNA polymerase, ATP synthase, recombinase, alginate biosyn-
thesis gene, DNA topoisomerase, heat shock protein, elonga-
tion factor G) Pl Tt Be A7} WA vAES i
o7 2AEFoe] gt} o]E FolA RNA polymerase beta
subunit (rpoB)<} gyrase beta subunit (gyrB) Aol tigh
A77F FdstA 218 Har ITKe, 18, 34). rpoB FAAR= Al
3k g o] BEARROE EAE] wWiEel, ol At
NGE AT, & Fo EAlgke 54 Ao 555 A
oA B = Qo Aol Siok wEbA] 2 AelM=
MicrocystisS] rpoB 32} A71XES st F3A; ¥o]

£ ZARIASE &3k Microcystis 16S rRNAS] 714 &x} H]
WIS, poB A BR U BARRE nAY) HERS
stk

Mz H dE

Microcystis M= HiQ¥

Microcystis T+ U] T30 2RE £ worh
(Table 1). -yt 5= HEEIASHANIER: National
Institute of Environmental Research Culture Collection for
Environmental Microorganism, Korea)ollA] #EYRigkom 3
9] = NIES (National Institute for Environmental Studies,
Japan), PCC (Pasteur Culture Collection of Cyanobacteria,
France), UTEX (Culture Collection of Algae at the University
of Texas at Austin)ZFE £ HRglth Hqe dFe
BG-11 HiA|(36)°l A& &, 25°C, EF57] 120 rpm, 12:12
AZr ®:9F F7), <100 pE/m’fs'e] ¥ ZAA] mj stk
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rpoB R E2 U A7|IME Z2F

Microcystis 2] genomic DNA EZ|E 3] vl
AZ(50 m)E 5,000 rpmellA] 10 F2t DAL F=3}
o}t =% AX= TE buffer (10 mM Tris-HCI; pH 8.0, 1
mM EDTA) 200 plol &Xs & DNAE F=317] 714
-20°CollA B33}t Genomic DNAE DNeasy Plant Mini
Kit (QIAGEN, USA)E o|-&3ly F=3I5th

Microcystis®] rpoB 72 PCREES 913), GenBankoll
SZ% cyanobacteria rpoB XA} X (Anabaena variabilis,
NC_007413; Cyanothece sp., NC_011729; Microcystis aeru-
ginosa, NC_010296; Nostoc punctiforme, NC_010628; NC_003272;
Prochlorococcus marinus, NC_008820; Synechococcus elongatus,
NC_007604)E ©]-8-3}T}. Cyanobacteria & 6712] rpoB
AA @971 9S CLUSTAL W 1.8 (39)£ alignment 3}$3.0-
™, 2= cyanobacterial Anabaena, Microcystis, NostocA]
BEHoR Uehhs 99S t}eE PCR primer® Ma-
rpoBF1026 (5-CAT TCG GGA ACG GAT GAC C-3)3%
Ma-rpoBF2013 (5-CTT CGT AGT TAT AGC CTT CC-3")
& AFEIAT:. PCRS &3+ genomic DNA 2 pl¢} PCR HF
23 uhS 8t LS PCR WHE-2l2> 1x PCR
buffer, 0.2 mM dNTPs, 0.5 mM forward-reverse primers, 1
unit Ex Taq polymerase (TaKaRa Bio, Japan)E A&-3}33th
PCR %32 MyCycler™ (Bio-Rad, USA)Z o]&3dla] 27|
95°C 583t DNAE WAA7]4L, ©]F 95°C 20%, 52°C 30%,
72°C 60%F 353] RHEsle] tid f4 95 SFSIT:
PCR 5% ukgo] £REW 712 72°C 587 FA51o] uks-
S TZAE SZE PCR 2 1% optE2 AoA 77]
FE3te] BT

DNA sequencing PCR 4He-& PCR purification Puri-
fication kit (Bionics Co., Korea)Z “JA|d}, PCR primers
(Ma-rpoBF2013, Ma-rpoBF2013)<} ABI PRISM® BigDye™
Terminator Cycle Sequencing Ready Reaction kit (PE Bio-
systems, USA)E ©]83}] AA|5} k. DNA sequencing ©F
He A5 DNA £497] (Model 3700, Applied Biosystems,
USA)Z #4319tk

Zzre] dFERE 9L G714 E DS Sequencher 4.1.4
(Gene Codes, USA)S ©]&3}4 contigdl ©d A7 |AE= =
E31, 9714 ¥S GenBankdl] 53} tHTable 1).

16S rRNA, rpoB STA}l H7|ME SAIE L parsimony
=4

Microcystis 16S TRNA H rpoB 734} 542 7] A=
(DNA similarity)$} -4 2](genetic distance)Z A3}t
£ A7 53 e 4714E3 GenBankZ2HE FHE ¢
71MEE ©]83led 16S rRNAS} rpoB 74 A7IM¢E data
matrixE THE1, Z47+9] H71AM €S CLUSTAL W 1.8 39)E
o]-83} alignmentd}th. F-HA42] 242 alignmentE 7]
Mg oF B 2o Joog A2 F MEGA 4.0 (38)l4]

Kimura 2-parameter @& o]&3la] A4kelty. $U3F =

—t—

% p-distance

HH

0.0
16S rpoB

Fig. 1. Inter-generic nucleotide divergences of the 16S rRNA and
the rpoB gene based on corrected p-distances. Genetic distances of
each paired sequence between Microcystis (Strain NIES-298,
NIES-843, UTEX 2388, PCC 7806) and the relatives (Cyanothece
sp. #ATCC 51142, Synechococcus elongatus #PCC 7942, Thermo-
synechococcus elongatus #BP-1) were calculated by the Kimura
2-parameter model. Statistical analysis showed that the divergences
of the rpoB gene sequences were significantly different against
those of the 16S rRNA (Student t-test, p<0.05, N=12).

Z S 0]-83}] parsimony 4J(ll, conserved site, variable
site, parsimony-informative site) S AAISIATE FAEALS
SPSS 10.0.7 (SPSS, USA)< ]88}tk

Microcystis EXHISEA

Microcystis 2] 16S tRNAS} rpoB +3AF G7|MES
©]-8-8}od Neighbor-Joining (NJ) AlF4-& AAISIATE 16S
RNA®} rpoB 74} 99714848 CLUSTAL W 1.8 alignment
3laL o]F & £& TYS AVIE A=23 EF4AE}A alignment
H GrMES AASk datasetS FHISFATHI6S 1RNA,
1,495 sitesoll 4] 1,300 sites A& rpoB, 941 sitesol|A] 939 sites
Aeh). NJ Al5E4LS Kimura 2-parameter ZE-S ©]8-3}o]
MEGA 4.02.2 A5t
25 o 2%
M, aeruginosa®| rpoB S%Xt EM

E AFolA AZS rpoB F-7AA primerE ©]83ld, M.
aeruginosa®] Z4Z+e] AFEZ5E 938 bp (amino acid 312
e ANMLEE AAKTable 1). ©)5 971MLDL NCBI
database°l|A] BLAST-X 7S 3+ Ay} M. aeruginosa #NIES-
843 (GenBank No. AP009552)7} 7} =& HSAI=S Jeh
tH99% DNA similarity). M. aeruginosa T+ NIES-8433}
PCC 78069 rpoB #7372t 714 L si=d #3A4 d714<L
Aol 3,336 bpet 3,312 bpE EAEIR (10, 17), °IF
rpoB f312F 7 Y9E tFoE B4t

M. aeruginosa 752 rpoB 734 2 16S rRNA F71ME
7o) FARE EAAF= Tabel 294 o], 16S rRNAS] 7%



T 7 M9 =2 9] fAES HY[99.3%, Standard
deviation (SD)=0.5, N=15], 17t 99.9%, AAZLS 98.4%
(NIER-100017} NIES-107)°]%it}. ¥HH, rpoB 312} Blalo)
A el B 97.0% H71 FARE(SD=1.2, N=21)& K]
ok ek M. aeruginosa®] A A7IME FAREE 16S
RNA®| B3} rpoB AP} B& Ao 2 Ueyith A7) &
A=E #2493} dataset-3- Kimura-2 parameter 2 AlXFste] 571
A (p-distance) S =AtAtE FHAZE 16S rRNACIA
0.0056 (SD=0.0039, N=15)°]1, rpoB 3R = 0.0307
(SD=0.0125, N=21)& ZA}=ATk FAAZ= rpoB F-327}
16S rRNAKDE 558 &=9ka1, T §34F 7] Agle A4
o2 foJgl zto]7l ANTKStudent t-test, p<0.05).

rpoB AL A7IMEERE FEE TiFe] opnieat A
G5 Hlasitk B AFelA F 312709 opr)ieaks Hlast

=4l M. aeruginosa 752 rpoB A= H 99.6%
(SD=0.40, N=21) FAI=E HJA, TF1% FARET) of$-
=L Aoz Yehth

Microcystis®t 2HZ&(closely related genus)Zie| 16S
rRNA, rpoB S7X} HO|

Microcystis7} 43+ Chroococcales 2] rpoB 3A} Ho]
& Kimura 2-parameter 2A-& o]-§3}e] A3 tHFig. 2).
Cyanothece, Microcystis, Synechococcus, Thermosynechococcus
4:7k2] 16S tRNA ®loli= 0.1141 (SD=0.0112, N=12)Z A4F
HJoH, rpoB HHA} WolE 0.3468 (SD=0.0229, N=12)%
t}. Chroococcales 2] rpoB 7214 Hol= 16S rRNA 7]
Holol EAZHOZ {3t AolE  HTKStudent t-test,
df=31, p=0.00). +x1x} Wels Fs&Emz ARkslr] I8t
parsimony #41& A5 tH(Table 3). & ATelA A%
Chroococcales 2] 16S tRNA 9714EL 82% 71 HEL o]
UE Aow ZAEACH, rpoB AL A7 IMEL 56% 7t B
E5o] e Aoz FAHTE Parsimony informative site
(PD)E= 16S rRNA”} 9.9%S HJom, rpoB A= 21.0%
2 AR PIRkS olgslel 84} Wol(Et W) S
g ARVIAE, rpoB fHA7E 16S tRNA frziztel] 13|

Table 2. Similarity scores of 16S rRNA (above diagonal) and
Microcystis aeruginosa strains.
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(A) NIES-298 s
UTEX 2388 | §
PCC 7806 |
NIES-107 | §
NIES-843 |s
NIER-10001
,{‘“—PCC7942 | Outgroup
—0.01
NIES-298
B) UTEX 2388 s
NIER-10001 g
- 8o
6 NIER-10024 | &
PCC 7806 | 8
100 | NIES-107 =
NIES-843
é’l]’ PCC7942 |Outgroup
A 0.01

Fig. 2. NJ trees inferred from Microcystis aeruginosa (A) 16S
rRNA and (B) rpoB gene sequences. The NJ trees were constructed
using the Kimura 2-parameter model in MEGA 4.0. Branch lengths
are proportional to the given scale. The numbers at the nodes are
bootstrap values greater than 50% with 1,000 replications. The
Firmicute Synechococcus elongatus #PCC 7942 was used as the
outgroup.

2.128) w24 W= Ao EXNFIY OE M2 rpoB
224 Wol9} vlwsle Chroococcales 52 F-73AF ¥ol=
A A== Aoz AdEHT) o5 £9], y-Proteobacteria
73R Vibrio 2] 7%, rpoB A7} 16S rRNAETE 3.23H]
w2A WHele ACZ HUHRJO™(19), Firmicutes w2
Bacillus®] 73% 4.428] AJTH18).

M. aeruginosa T3 BN

B AFE 53l MicrocystisE X E3S= Chroococcales =
9] rpoB FAA= 16S rRNA S} vlwsle] 2uf o]ite] phylo-
genetic 3’3 =(resolution) & Zt= Z 2 FALE|YTKTable 3).
ol¢} 22 rpoB A EAS o831y M. aeruginosa T
o] A TAIE EAEHAI(Fig. 2), ©] ZHE 16S rRNA F3
2k} ¥k 16S RRNA F3A F7IMES o8-8k NJ
tree®] 7% 3E7} ol i 71 grouping®] WS ot
7] SJHHTH50% ©l8F2] bootstrap #). L&Y} ropB A

rpoB gene (below diagonal) sequences between each pair of seven

(1] 2]

3] (4] (5] (6] [7]

No. Strain -

16S-1,331 compared sits
[1] NIER-10001* - 98.4 99.4 98.9 99.4 99.3
[2] NIER-10024 96.9 - - - - -
3] NIES-107 97.2 95.8 98.7 98.7 98.7 98.7
[4] NIES-298 98.6 97.0 96.8 99.7 100 99.9
[5] NIES-843 97.2 95.8 100 96.8 99.7 99.6
[6] UTEX 2388 98.5 96.5 96.4 99.4 96.4 99.9
[7] PCC 7806 96.5 97.0 95.5 96.2 95.5 96.4

rpoB-938 compared sites

* The 16S rRNA sequence of NIER-10001 was used at 595 bp in the 16S rRNA comparisons.
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Table 3. Independent parsimony analyses of partial 16S rRNA
and 7poB genes. These were calculated from DNA sequences of
cyanobacteria Chroococcales: Microcystis aeruginosa (NIES-298,
NIES-843, UTEX 2388, PCC 7806), Cyanothece sp. (ATCC
51142), Synechococcus elongatus (PCC 7942), Thermosynecho-
coccus elongatus (BP-1).

Characteristics
Gene
Nn Nc Nv PI (%PI)
16S rRNA 1,425 1,174 250 117 (9.9)
rpoB 941 536 402 198 (21.0)

Nn, total number of sites compared; Nc, total number of conserved sites;
Nv, total number of variable sites; PI, parsimony informative site.

o] &gk NJ 4o x Z4z}e] 57} F3iehAl we] = ATKFig.
2B; 66% ©]’3 bootstrap #). rpoB A} NJ treeo| 4] NIES-
1073} NIES-843-2 Ajull A (sister relationship)S FAJ3} L.
™, NIES-8437 & S04 #ej¥ 5 NIES-298-2 7t
tholl M Eeld #5 UTEX 23883 A BAE SAeTE ¢
ZualellA] Ee]E NIER-10001(H% %)} NIER-10024(3Hd
e A= Tk =AUk

Microcystis®| rooB STX} LM

Uuk o2 16S rRNA 734 A7]M €L cyanobacterias
2338t Ale] BAAITEA 9, BT 2E AETEY
BXS 98 Froz 014‘151019%1(1 3, 12, 13). ol 7%
tA5o] M2l rRNA (rrn) F-3AR= multiple copy® <A
3}l o] A} heterogeneity 3+ AFE=E Q1514(20), 16S
RNA 7|4k} mAE o] A7 vAE 4 2 RS
AARG A A A2 = JTh8). T3 16S rRNA F3#}
= Y Y9 T 18a EOE] U #FE TEs] o
<+ ©o] SJtiTable 2). ¥ AT7E 53| Microcystis rpoB
A2 @714 8 5430] =AY 53] parsimony 43 F
3 rpoB FRAAZY 28] o)Ate] £x 2 w2 X3Sl rpoB
phylogeny 7} MicrocystisS 8E31A s AL I3
ot B A7ATE rpoB A} Microcystis®) EAAITES
9 BAAZS 95 583 npATE AL AN 20} 2 o

:rL°ﬂ/\1 M. aeruginosa rpoB A} Wo|7} 5L zbe I

& 7Y 7 J=A ZAHA Gpom, olF sk st
04 neurotoxic, non-toxic, hepatotoxicd+ ThFel #F5 tito

2 F7H2F rpoB 314 A7) Hasith

E Aol A GenBankol 37HE M. aeruginosa #NIES-843
o] As @714ES o83t 16S tRNAS} rpoB 312t BA}
B2 FE BA3190E AP 23 NIES-843 HF+ 16S
IRNA S3IE 2715} rpoB #27 IS 73 9i9ic) =8
9421 Cyanothece sp. #ATCC 51142 (NC_010546)%}
Synechococcus elongatus #PCC 7942+ Z}7} 16S rRNA 2.9
2 270} rpoB F3AF /RS 2k Aok SEA|SE Thermo-
synechococcus elongatus #BP-1 (NC_004113)2] 73-%- 16S
rRNA 2HE 1709} mpoB F3A 1715zt QISich
Chroococcales =2 735 27 W99 16S rRNA L3|&0] Q)

Ao Z FAEM, rpoB FAAE BF 1719 Ao FAMY

ok 2 ATl A eSel rpoB AL 971449 wel7t
AZotol] T BAJR o2 ZA)sly] o] HFE Ba}
Z<(¢ll, quantitative real-time PCR)S A-&& of wj¢- -8
o2 FeEnh

32 fr

ﬂ

a

>’E jai

He
ZAIT Microcystis (Cyanobacteria, Chroococcales)<
Z4A AE9] SFUEN YF F2 microcystin©| 2=
Bk gepd 95 S4ue 3 Hashy SuoA
it A7 et B A= Microcystis ¥4+ 7
3+ 219+ vl71E RNA polymerase beta subunit (rpoB)
AR G7INES B8 o159 #A 54E sk
t}. Microcystis rpoB +3AR= 16S tRNAR T ¥47] A=<}
FRAA A Z Wol7} = Aog AN CH, FAIFS
Z o8k 2olE HTKStudent t-test, p<0.05). Parsimony
A4S B3l rpoB 3271 16S 1RNA bR} 28] o]
WA Jsfehs Zlo® AtHATE I rpoB FAA
phylogeny #2Jo|A] 16S rRNA tree XU} M. aeruginosa 75
= WEsH RS Ak Microcystis7} :81= Chroococcales
F& FaA| el 27) A=Q] RNA 2320] )3T rpoB 3
A= ) e AoZ ZAEAG: B A AI= rpoB A}
7} Microcystis®] BAAISET 2 EA41E viA= /8310
= A& AAE Fo-

%
A ol

5\_

oo

==
=
[e)

i
jgéﬂllm

-

:{o

ZAlel o

2 A3 20109 AEUstn adTelE S8E95Y
o} A7 Aol ZAR=HY
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