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In this study, we investigated molecular divergences and phylogenetic characteristics of the 16S ribosomal RNA
(rRNA) and RNA polymerase beta subunit (rpoB) gene sequences from the order Oscillatoriales (Cyanobacteria).
The rpoB of Oscillatoriales showed higher genetic divergence when compared with those of 16S rRNA (p-distance:
rpoB=0.270, 16S=0.109), and these differences were statistically significant (Student t-test, p<0.001). Phylogenetic
trees of 16S rRNA and rpoB were generally compatible; however, rpoB tree clearly separated the compared
Oscillatoriales taxa, with higher phylogenetic resolution. In addition, parsimony analyses showed that rpoB gene
evolved 2.40-fold faster than 16S rRNA. These results suggest that the rpoB is a useful gene for the molecular
phylogenetics and species discrimination in the order Oscillatoriales.
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FZ A+ EETE(Cyanobacteria, Oscillatoriales)< AHFAF (Kaebernick and Neilan, 2001).
9] Y AlzE0] shz ZA Eold EAXSIA g AMIA O|FMET} gl FRAFE EELE2 AMIAY FA, AME
(trichome) & B/J5}H, o] @Al Z(heterocyst)7} glrh(Broady and Ao FE(FAE E= AAF), FA 2 FEol o 27T
Kibblewhite, 1991). 71-77-_4 A EL E52-5(gliding (Broady and Kibblewhite, 1991). 121} vfjoF 2 A} 349 ¥
movement)& B3] o5 5131 0] &0l ofaf 87 2ol Wt Slol e AT Feo] Wol2 s FeH BRol L ol2g
ARAIA 9] =7t & EHH(Jensen, 1985; Stanier, 1988). E3SF o] Qlth(Casamatta et al., 2005). W&tx Featzd EAJoz B
AV MIZE 8t AZEE Bl ez S st A 7 o|AY AT A= FRAIFY AT AAE FESHA A
AAS] YR7E DojA UrtHA FAlo] o]fojtt o]F & ga7)o FE5HA] &Skth(Honda er al., 1999; Ishida et al.,
TE G2A|FS o} ofdr) sfoF 2 whro) Y] Bz 2001; Wilmotte and Herdman, 2001). ©]o]] o3t 3|2 vhio =
A B GRPAEA A AL Sk A Aol IR Holol ol el ARG B% Wil
A 71q%t) EEDE &t AR T2 FE 53 7Rl ZAe] AF EREE A7 ZEEo] $hrh(Broady and
g 2AY Sto] 2 Ak FE 8h7] = S, o] = Q1% o /et Kibblewhite, 1991; Ishida ez al., 2001; Casamatta et al., 2005).
A2 g7t B ck(Smith, 1996). E3F o] 50] AJ/ds} E3] 16S IRNA = F2A|F S EAAZTAE +55t=t g

L E40) 95 W w7} ofr]E 3L 9=y, E3] EEUE AREE]o] 2tH(Giovannoni er al., 1988; Turner et al., 1999;
4&351= Lyngbya, Oscillatoria, Phormidium, Trichodesmium S Wilmotte and Herdman, 2001). 183} G R A E3HSH A+
£ 7F=Zx(hepatotoxin)¢l microcystin, cylidrospermopsins, T o guty o2 gAA Wo oJ7] 16S rRNA EAMES 7R 1L )
B Z3kS ¢ o 7|= aplysiatoxin, lyngbyatoxin S5-& AT} o, o|AEL NE |AA Ago] gt EAAITELNA &

g op7| A1 4= QItH(Case et al., 2007). E3F 16S rRNA 54
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Table 1. Origins of Oscillatoriales strains, including outgroup Anabaena variabilis and Nostoc sp., and DNA sequences from GenBank

GenBank accession nos.

Species Strain Isolation locality
16S rpoB
Arthrospira maxima CY-023 - K(C217543" KC217551*
Arthrospira platensis CY-007 USA: Hawaii Oceanic Institute KC217542* KC217550"
Arthrospira platensis Paraca - NZ_ACSK02000677 NZ_ACSK01000141
Arthrospira platensis NIES-39 Africa: Lake Chad APO11615 APO11615
Arthrospira sp. PCC 8005 - X70769 CAFN01000676
Leptolyngbya sp. CY-011 Korea: Deukryang bay KC217544° KC217552°
Leptolyngbya sp. CY-013 Cyprus: ? K(C217545" K(C217553"
Leptolyngbya sp. CY-021 Korea: Busan KC217546" KC217554°
Lyngbya aestuarii CY-025 USA:? KC217547" K(C217555"
Oscillatoria sp. PCC 6506 - NZ_CACA01000066 CACA01000275
Phormidium lucidum CY-001 Korea: Nakdong river KC217549* KC217557"
Phormidium lucidum CY-012 Korea: Younggeun KC217548" KC217556"
Trichodesmium erythraeum IMS101 USA: North Carolina NC_008312 NC_008312
Anabaena variabilis ATCC 29413 - NC_007413 NC_007413
Nostoc sp. PCC 7120 India: ? NC_003272 NC_003272

* Determined in this study

A e 4 gl

RNA polymerase beta subunit (rpoB) R A= o]n] o8 &
29 A7 ASTA AL Sfo) AT 5 A= F1% vA
Z AotE o] Yth(Hong er al., 2004; Case et al., 2007; Salerno
et al., 2007; Volokhov et al., 2007; Ki, 2010; Cheon et al.,
2011). rpoB F3A= E5 Abolofl A fAF A B 4h}l/A
A7 AR, T o] F 2 FRAlT} DAl 7HY] JE BAE
Heu7] 8l AS2AeE vA=Z ARE ATHGupta, 1997,
1998). T3t 165 rRNASH= Tha] d7] 4 d9] Zo|7} A1, Ho]
7} 33, AIE Yo 3 7o BaARE oz ZEX|slo(Ki, 2010;
Cheon et al., 2011), ‘F2A|#2] Ad3} 2780t oYz A
2 Wl A8 BE ohidm Al o A B7tel 78
0}71] 28 = 4= QItH(Gaget et al., 2011).

2 AFolM = g2Alt SEDEY rpoB {7 @714 E S

sfjoFol| A E2]3t Arthrospira maxima, A. platensis, Leptolyngbya

sp., Lyngbya aestuarii®} Phormidium lucidum 45 A2
TEst 32 o] EA4E AT E3, 16S rRNA F
71X @1} Bl ste] rpoB FAALS] EAAISER € 2AHESR
wh719) §-84& Brletglc.

M

HI

=1 -13=]
< od™
SUZ 3 U ME HY
SEREL R R R ER L DU RESEL!
(KMMCC) 6. 258 S50 &3h= 87119 s #+(CY-001,
CY-007, CY-011, CY-012, CY-013, CY-021, CY-023, CY-025)
£ B WGkth(Table 1). 0|5 258 £12 wixlel W3 F,25C,
E3§=7] 120 tpm, 12:12A)17F H:¢F 371, <65 pE/m st =

Zo A HiFste] Aol A3t ATt

ol
:IJ

rI

I'|0II

EU= 16S rRNA X rpoB STXL H7|ME 2
S EZE genomic DNA F&& 93l w521 AI3Z(50 ml)
23,000 pmoll A 102 E9F 941 Bejatel 3a19inh S50
A|3Z+= 200 pl 1x TE buffer (10 mM Tris-HCI; pH 8.0, 1 mM
EDTA)¢] 3]4l5to] -20C ol 5| DNAE F&3}7] H71A] Haist
%t} Genomic DNAXE DNeasy Plant mini kit (Qiagen, USA)
8 ol gsto] 2t

BEUE 16S rRNASQ} rpoB J-AAF PCR &2 7|&0| B
1E F2AlE EolF<l PCR Zglo|HE o]§3t4t). 16S
RNA A+ Zalo]H= CYAIL06F (5-CGG ACG GGT GAG
TAA CGC GTG A-3)2} CYA784R (5-GAC TAC AGG GGT
ATC TAA TCC C-3)2 A}F8-3+% 0 md(Nubel et al., 1997), &
ZA|4+ rpoB PCR Zglo]n|= Ma-rpoBF1026 (5-CAT TCG
GGA ACG GAT GAC C-3"), Ma-rpoBR2013 (5'-CTT CGT
AGT TAT AGC CTT CC-3)& o|-€3}9thKi, 2010). PCR&
ZFZ3} genomic DNA 2 pl, 16S rRNAS} rpoB ZEto|HE Z+zh
g2 PCR ¥R3-H(23 ul)S E3ste] AAsH3eh PCR ¥R
2 1x PCR buffer, 0.2 mM dNTPs, 0.5 mM forward-reverse 3
Z}o] ™, 1 unit Ex Taq polymerase (TaKaRa Bio, Japan)& AR
3}t PCR B2 MyCycler™ (Bio-Rad, USA)E ©]-835}9]
%27] 94C 387 DNAS ¥4 A]7]4, 0]% 94°C 20%, 50T 30
%, 72C 60%Z 353] HhE3}o] T:IW A2 B9 FEI
©F POR 535 Hhgo] $5258 37} 72C S 4/50e]
S5 FA5Th. FEH PCR AHE-L 1% of7h2 Ao 4 7]
A% 3t TS

DNA sequencinge PCR AFE& PCR purification kit
(Bionics Co., Korea)2 #A|5}lod, PCR Zz}lo]H(CYAIOGF,
CYA784R, Ma-rpoBF1026, Ma-rpoBR2013)2} ABI PRISM®
BigDye™ Terminator Cycle Sequencing Ready Reaction kit




(PE Biosystems, USA)E ©]-83}¢] A8} th. DNA sequencing
THL 25 DNA E47][(Model 3700, Applied Biosystems,
USA)E B¢t 2429 45282 42 d7148 98 S
Sequencher 4.1.4 (Gene Codes, USA)S o]- &35} 23HE @
A7 EE e, H7]14 D& GenBankol| 55313 tH(Table 1).

16S rRNA, rpoB RTX}I €7 |EH 2M

BSUZ] 165 RNA U rpoB $37 SHE d7] $ALE
(DNA similarity)?} 3% 7 2l (genetic distance)Z FA]3}T}.
EA& NEA 8% A714 1} GenBankZHE A2 H7]A
A2 olgstgon, $aA BHE alignmentd @7]HLe
F B 72 JdH9o=2 AE 3, MEGA 4.0 (Tamura et al.,
2007)9)|4 Kimura 2-parameter &L o|L3}o AArstgIch
E3F MEGA 4.0 ©]-83}¢] parsimony £4(¢], conserved site,
variable site, parsimony-informative site)2 A3} Tt EA &
412 SPSS 10.0.7 (SPSS, USA)E o]-&3}%th

EEUR EXPISEM

EESEE g FF9 16S IRNAS} rpoB F-AA 714
o]-&3}o] Bayesian tree 492 AAISFFTE £4-2 16S IRNA
2} rpoB AR E714 8L ClustalW 1.8 (Thompson et al.,
1994) 2 Aujgstl o] & F -2 FYT V|2 A= T4
87 alignment® H7|NEB-E A At datasetZ FH|SHATH
(16S TRNA, 1,495 sites©]| 4] 662 sites A1¥; rpoB, 3,474 siteso]|

[16S rRNA]

....... Leptolyngbya sp.
(CY-021)

0.97/100/9

------- Leptolyngbya sp.
(CY-011)

------- Leptolyngbya sp.
(CY-013)

------- Phormidium lucidum ========-
(CY-001)

------- Phormidium lucidum — ---------
(CY-012)

"""" Lyngbya aestuarii
(CY-025)

------- Arthrospira platensis ~ -=======+
(Paraca)

------- Arthrospira platensis — ---=-=---
CY-007)

------- Arthrospira platensis  -====-=-+
1ES-39)
------- Arthrospira maxima ~ -======--
(CY-023)
------- Arthrospira sp.
(PCC 8005)
------- Trichodesmi
erythraeum (IMS101)
------- Oscillatoria sp.
(PCC 6506)

1.00/100/100

0.85/99/94
ILOO/IOO/IOO ,
0.

SETEY poB A 7] B 24 321

X 947 sites A1€H). MrBayes 3.1.2 (Huelsenbeck and Ronquist,
2001) ]85} Markov chain Monte Carlo (MCMC) 332
1009+ ¥ A X|3}o] Bayesian treeS TS, 21249] cladeo] thgk
posterior probability (PP) A1Z|= 2 L5ttt =3 MEGA
4.0 o] 83}to] Y3t dataset > 2K E| neighbor-joining (NJ),
maximum parsimony (MP)£] bootstrap proportions (BP)2 #|
Ashiek
479 o8
£ AFoA F2RA 5L 871 3% F5+(CY-001, CY-007,
CY-011, CY-012, CY-013, CY-021, CY-023, CY-025)2] 16S
RNA®Q} rpoB §72A}F G749 S 59 tHTable 1). 16S
RNA G7|AgZ ©]-88t] BLAST-N ZAE AA|sto], 2 A
Jrof| A ARESE RE #5327} 7]Z0]] NCBI (National Center for
Biotechnology Information) databaseol| 52 EEUE1} U
2| &= AL gelstgh £3], CY-007, CY-011, CY-021-& z+z)+
Arthrospira platensis (GenBank No. IN831263), Leptolyngbya
sp. (HM217074), Leptolyngbya sp. (HM217074)2} 100% -3-AF
=5 Rty E3LE Leprolyngbya sp. CY-0212 CY-011¢}
CY-0133} o9 =& GAL=(>99.8%) 2 RAFEITY. Phormidium
lucidum 2= CY-0013} CY-012= 23t 16S rRNA 343
(100% similarity)2 2t 919101, BLAST-NO||X| Phormidium
sp. (JQ927355)2}99% GAL=Z 714 A X5t

[rpoB]

------- Anabaena variabilis
_|: (ATCC 29413)
------- Nostoc sp. (PCC 7120)

0.1

Fig. 1. Bayesian trees inferred from 16S rRNA (left) and rpoB (right) sequences for members of the order Oscillatoriales. In these analyses,
nucleotide substitution models were selected as GTR+G in 16S rRNA and SYM+I+G in rpoB gene, respectively. Bayesian likelihood scores of
each tree was calculated at -InL=2195.7 and —-InL= 5685.3 in 16S rRNA and rpoB gene, respectively. Additional MP and NJ analyses generated
similar topologies of the tree compared with the Bayesian tree. Bootstrap proportions (BP) from both analyses were incorporated into the
Bayesian tree. The first, second, and third numbers at the nodes display PP (>0.50) in Bayesian, BP (>50%) in NJ, and BP (>50%) in MP,
respectively. Anabaena variabilis #ATTCC 29413 and Nostoc sp. #PCC 7120 (Cyanobacteria, Nostocales) were used as outgroup.
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Table 2. Similarity scores of 16S rRNA (above diagonal) and rpoB gene (below diagonal) sequences between each pair of seven Oscillatoriales species

(1] [2] (3] (4] [3] (6] (7]

No. Species Strain -
16S-662 compared sites

[1] Arthrospira maxima CY-023 99.5 88.8 89.5 90.5 86.7 90.4
[2] Arthrospira platensis CY-007 96.9 88.8 89.0 90.4 86.5 90.4
[3] Leptolyngbya sp. CY-011 72.4 72.5 89.0 90.7 91.8 87.0
[4] Lyngbya aestuarii CY-025 73.9 74.2 72.6 89.5 86.5 86.9
[5] Oscillatoria sp. PCC 6506 722 72.8 72.6 72.5 85.8 89.8
[6] Phormidium lucidum CY-001 69.8 69.7 71.9 69.5 68.5 83.7
[7] Trichodesmium erythraeum IMS101 73.1 72.6 69.7 73.0 72.8 70.4

rpoB-947 compared sites

F7H=, g G2ATE Y rpoB AR H714 E& NCBIOJA
BLAST-X AME AA|3}95 =], CY-0073) CY-0232 A|2JsH
UM X 65+ 16S rRNA 2] BLAST-N HAM Axle} tt=24 =
A= AA|Z, CY-007= Arthrospira platensis (GenBank
No. ZP_06380841)2} 99.9% -F-AI=2} CY-023+= Arthrospira
maxima (ZP_03276107)2} 99.4% 9] =2 A= 2 ZALE 1)
3}A|4t, CY-011+= Acaryochloris sp. (ZP_09248459)9} 87%,
CY-013E BSWE Uz AFHEKQE7445)T} 89%, CY-021-L
Acaryochloris sp. (ZP_09248459)2} 88%, CY-025%= Arthrospira
maxima (ZP_03271318)%} 88%, CY-012= EE5HE G2 A
(EKQ67445)1} 85%, CY-001 = EZE5UE XA+ (EKQ67445)
3 85% 2 A2 e SAHES Btk o] & NCBIo| 23
EEUR| @71 M o] uhe M, 2 Aol BT ool
710l BIH rpoB A i th] o], BEUS
o ThE %02 rpoB 748t BLAST-X|A /P4 .2 7
75 702 sfotgir.

SEUE 165 rRNAS poB § 44} Ajo]o] Hlo] 2 Falet #
Feue FRE Q714 DL ol galo] 25Tt & Aol
ALg-3t 87 o529t GenBank2HE| SR 57 F39] H7)A
8 JRE F7IE GRS £ Ao E5LE 134 45
(Table 1)2] 16S rRNA2} rpoB $-AA G714 <E EAS v|ws}
Aot EXAIZEA A 1659} rpoB A} Bayesian trees2]
branch = o FAREE S-S B ATHFig. 1). sHX|RE, 24
AZEsHA A= (phylogenetic resolution)= rpoB tree7} 16S
rRNA Bayesian tree 2t} 0| 2 202 XA} Q) E3F 16S
tree= A F 79 cladeZ2 FEI}IF O, rpoB treed| A=
Trichodesmium erythraeum®} Oscillatoria sp.7} 7}3 HA £
A= o= Ao goE ot fAF s S5UE A
EBX|X Al 7Y Leptolyngbya sp. #5(CY-011, CY-013,
CY-021)+= 3}1}9] cladeE FA A THI6S treeo]| 4] 0.91 PP,
rpoB treeo] 4 1.00 PP). Leptolyngbya’= Phomidinium¥} A}uj]
A\ (sister relationship)E ARsFATE £3] P. lucidum 27\ o
Z(CY-001, CY-012)= 3}1}9] cladeE HA3}H 3L, rpoB tree
oA 7} 71 branchE FA3IATE Leprolyngbya= Lyngbya,
Phormidium, Plectonema (LPP-group)ol|A4] Anagnostidis®}
Komarek (1988)¢]] oJ3ff 2] =|o] = Th501%] £02 o=
W2 Leprolyngbyar= ERAIA7t B3] S =|A] kot LPP-group

=
T
o

AT

of| &3} glth(Marquardt and Palinska, 2007). Lyngbya aestuarii
TF(CY-025)= T2 T3 F315HA Eelste] 53 EAFH
£ Zt= Ao 2 RAEJTH16S treeo)| A 0.57 PP, rpoB treeo]
A] 0.60 PP). Arthrospira®] %3k= 2 3149 cladeE A3}
Fom, Z}z+e] Z(Arthrospira sp. #PCC 8005, A. maxima
#CY-023, A. platensis #CY-007%} A. platensis #NIES-39)¢]| wh
o} 313 branch WE|E 2= A 02 Thelw3icY.

® AT8 B ARE Jiho 2, fhE F3} 30| 72
L BAYEE molk 77) FZ(CY-001, CY-007, CY-01,
CY-023, CY-025, PCC 6506, IMS101)Z TJAHO.2 165 rRNA
9} rpoB A B71AE FAHEE H] L 8FGTH(Table 2). o]&
@39 16S 1RNAZ| &2 97] FALEE EGoH[Ed
89.1% Q-AHZ, Standard deviation (SD)=3.12, N=21], 7}%} =
2 k8 A. maxima #CY-0233} A. platensis #CY-007 Alo]oj
99.5%°]1L 7P W& 7k P. lucidum #CY-0013} T. erythraeum

35

30
I
25
5}
51
S 20t
S
R
o
=)
(=)
10 f
5t
0 .
16S rRNA rpoB

Fig. 2. Inter-generic nucleotide divergences of 16S rRNA and rpoB
gene based on corrected p-distances. Genetic distances of each
paired sequence between Oscillatoriales species (see Table 1) were
calculated by Kimura 2-parameter model. Statistical analysis
showed that the divergences of the rpoB gene sequences were
significantly different compared from those of the 16S rRNA
(Student t-test, p<0.001, N=45).



Table 3. Independent parsimony analyses of partial 16S rRNA and rpoB
genes. These were calculated from DNA sequences of seven species.

Characteristics
Gene
Nn Nc (%Nc) PI (%PI)
16S rRNA 662 519 (78.4) 87 (13.1)
rpoB 947 501 (52.9) 323 (34.1)

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

#IMS101A}o]o] 83.7% 2 ZAFE Ik ¥4, rpoB AR} B
oA 71 =2 72 A. maxima #CY-0231} A. platensis #CY-007
Alolof 96.9% o] 11, 7V B2 ZH-2 Oscillatoria sp. #PCC 6506
I+ P. lucidum #CY-001 A}ojof 68.5%2 ZAE|JTHHEA
73.0% A7) GAFE, SD=5.7, N=21). o|AL BS9S] rpoB
20771 163 rRNART} o9 2 207 ol7} ek 2L A
A1) Zet.

ESL oA A 779 EETES SR, 16S rRNA
2} rpoB A A}2] Ho|E Kimura 2-parameter 22 2 A -J
AAZE o] &3to] £33 Th(Fig. 2). 16S rRNA H7|AE #¥
0] 0.109 (SD=0.0312, N=21)Z AAI=E} 2™, rpoB §HA}
Holx 0.270 (SD=0.0569, N=21)t}. o]A-L EEUE rpoB
9} 16S rRNA 9] A Z oA & ¥lol7} e AL 2 Yehtm,
EAZR SR R[5t o|E R Fth(Student t-test, p<0.001). 3=
7h2 74 WOl 3] WBSES A7) 943191 parsimony
$4& ANSIATHTable 3). 2 AT BAT E5UB)
16S rRNAL 78.4% 2] 7| Eo] BEEo] o, rpoB &
A7 A7IMEE 529%7F HEH o2 EAHL
Parsimony informative site (PI)+= 16S rRNA7} 13.1% 5 E S
o, rpoB FAAE= 34.1% 2 A=) PIZLS o]&3te] ¢
AR} Hol(E= 33h =& AlLbstH=t, rpoB A7 168
rRNAO| K} 2.408)] wi2 A §ish= A o2 Bt 2 dF
A= SETEY H FR A Microcystis aeruginosa X2.Cr
W27 rpoB AL WHolZl K= (2.214; Ki, 2010), y
-proteobacteria  Vibrio®K3.234l|, Ki et al., 2009), Anabaena
(4.794], Cheon et al., 2011) R th= =2 A| rpoB F-&A A} Ho|7}
NP Ao BAE,

Sk AR BAAERHOIM rpoB SUAH 165 rRNA
uT} SERE BERS B Relshirt oA poB §
AAL BEUE A SHR ofjeh 4 37 el A
9] theF & HUHeHE 5= Utk A A& £ sHA| 9, @AY
T & E5UE &7 oA AlsE4-2 LPP-group 5 2
742 EAZ2 A3 SestA P =R skt whebA 7]1E7HA]
de] AFE-E 16S rRNA Rt 5835 3 Wol 2t 3l rpoB
FHAE o] &3t A7t dAalslt

§e

H Q1= G2 A EEUE(Cyanobacteria, Oscillatoriales)

9] 168 ribosomal RNA (rRNA) 2 RNA polymerase beta subunit

EETE poB AL F71 B 24 323

(rpoB) F-AXE o2 A7|AE ol 4 EAA T E4
& 24 Aotk =L rpoB A= 16S IRNA KT {747}
HWo|(¢-AAg): rpoB=0.270, 165=0.109)7} 2 Ao 2 ZAFE|Q]
o EAFOR o3} X}o)S H Y rhStudent t-test, p<0.001).
ESUE 16S rRNAS} rpoB2] Alg-EA ol A fARE AlE &4
FHE BH o™, rpoB FAATE 2 =S 2L 9o EE
UE BEFTS o gsbA FEsH4TE T3, parsimony £
< E3)| rpoB S-AX7} 16S rRNA T} 2.40u) w2 4| 2 3}61=
Ao g wotE gt B A7 A= rpoB A E5EEY
A 2 F 25 a7l Wl f-8stthe A& Al £t

ZAle &

AT 2012 A eheta wfA7e 2 SR gt
@0 ALl A =Y.
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