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Geosmin is a substance that causes an unpleasant earthy odor in
drinking water and appears in water environments where
cyanobacterial blooming occurs. In this study, PCR primers
were designed to detect geosmin synthase gene of cyano-
bacteria, and their suitability was evaluated. The PCR primers
were designed from the geoA sequences of the genera Anabaena
and Nostoc. The designed primers were found to be suitable for
selectively amplifying geosmin synthase when applied to
geosmin-producing cyanobacteria from Korean reservoirs and
environmental samples in which geosmin was detected. The
sequence diversity of geoA was analyzed for samples collected
from five points in Paldang and Daechung Reservoirs where
geosmin was detected at high concentrations. Most of the
clones were similar to geoA4 of the genus Anabaena, indicating
that these cyanobacteria are the major producers of geosmin at
these sites. The dominant clones differed by reservoir, and
clones with different sequences were dominant at different time
periods in Paldang Reservoir. To investigate the relationship
between sequence differences of geo4 and geosmin-producing
ability, it is considered necessary to isolate and culture geosmin-
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producing cyanobacteria from water samples. The results of
this study can be used for developing a monitoring system
through molecular methods that can detect the generation of
odorous substances in raw water at an early stage.
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(0]8}, =X)L G| = it} =R o) ML 4= o] 2R
B ol AR RS A A S-8me] 1A S Tojmal ]
& Bt Bag ARSI Aol oJgt 27} st 7%
QIZtoU 710 B & 7] 2] 7| &= FHH(Oh et al., 2022).

Geosmin (trans-1,10-dimethyl-trans-9-decalol)-2 & 4~ o] 4]
sk AEE 5 HEAR AR FAlw(dnabaena,
Oscillatoria, Phormidium <), ¥/d<(Actinomyces, Streptomyces
%), AFFO|(Basidiobolus ranarum), = myxobacteria
(Nannocystis exedens)®l| 23} A EtH(Sinclair ef al., 2008).
ol =M FHAE WA SFaL 10 ng/L o]ske] S g ko
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& =) A SR Aol T3t Giglio ef al., 2008;
Mochida, 2009; Tung et al., 2021).
eyl A= 1980 A =B Aol &3t
o) dhfo] Harw]7] Al o m, 2011 Aol B3 4|
oA Anabaena spiroides 2] I TFEA 07 Q15te] 11FE 9]
geosmin©] BHAY(4HE-2] X3 ol A Z|th 3,934 ng/L)3t 0] 5
Aol thet Rldo] A|&4 o & WAYEEAL QltH(You et al.,
2013; Lee et al., 2020a, 2020b). o] 2|3} 7] 8= w}=|5}7] $Ja}
o] FARE= THEE US4 ol #et AL S
&5to] geosmin} 2-MIBE H=5& $AHAI R =2 24
o] A 4715 50,000 mY/day 0]4Fe] Hogel| A o] 52 5
£ F71do 2 BYE S It Kim ef al., 2015).
Aol 4] geosmine geosmin synthase (germacradienol
synthase) ]l 2]} T/d =] H, 2 ¥ geosmin> 4| Wjof] 2]
IV splste] et A2 RECGigio o al.
2008). Geosmin= 824 S22 oFE-S4-HA- AT AL
7123 = S AREAQL A 2l 7g ol A= Al Sl i
2 1} S mj(Whelton and Dietrich, 2004; Lee et al., 2020b), 24
g 22L @E AL 50 AR 23S E5ke] Al Aok
SR 0] & I Q3R] -2 A 4=ATof| A] geosmin A E £HA 3]
3 A35}7 )= 3ETHKim ef al., 2009; Mustapha et al., 2021).
Geosmin-& HA| o] AASH= 7HE4 2] microcystins 2} &
2] £40] gl7] uEo] Al A oR B Bollq A7 wel
5 o)) zo]ut #Al71520] o] 9lR) oS B ofeh
(Giglio et al., 2008; Mochida, 2009; Lvova et al., 2020), 34|
ot =20 88l ATt Aot wkA] ekth Geosminol Tl 7| &=
A= = o] O &, A mE T, A H o= Al
Ast7] L3k A el 2 7ol sl =3 = o= (Ho
et al., 2012; Antonopoulou ef al., 2014; Callejon et al., 2016;
Mustapha et al., 2021), == of| A= =34 of| A WA EZ o] 2
3Z, A5 857G oA geosmin A A Y EEAS H7Vok= A
T7} F2 o|Fo]H K Son et al., 2009; Lee ef al., 2013, 2020a;
You et al., 2013; Han et al., 2015).
%94 ofl 4] geosmine] A Ak g o] ool Thofsl
e Aol gk A E S Q1) ol Al 0.2 4
3} H ATHGiglio et al., 2008, 2011; Watson et al., 2016; Wang
etal.,2019). th4=9] o] 4] geosmin synthase -F-AAE &
4 Qe A R7HEE oW, o] 52 2] geosmin A
Ab A 92 geosmin synthase A2} A7 4G B4 o &8
ﬂ 901 347 A Fof| A geosmin AJAF -SR] P74 D T}
3t A= W] Gti(Ludwig ef al., 2007; Agger
et al., 2008; Giglio et al., 2008). o)Al vk ol A

=32l Al A|s9d Al4%

geosmin Mg of| Tolsh= A4 FHALe| E44S 118 A
“HGhimire et al., 2008; Lee et al., 2011; Park et al., 2016)2} T+
I oA B2 5 Anabaena circinalis 2] geosmin synthase 2]
A7) K& Halof Z3hE o] QItKim ef al., 2014, 2018).
T4 22 E geosmin AYAF HAlto] tieh dtollA=
geosmin AT SAAE AESEo] YA AL B2l
A9k el F Aol ghs F-AE A3 el TRk At
= A= A] ek 2 Aol A= = AR ONA FAlE
9] geosmin synthase - AAE A& 5= U= AR A EE
AAsEAL, Ee] gAlet 9 27 Al R E ARE-Sto] o] o] Bl
= HESI e, U S A= oA geosmin AYAF 77412

AlAChe EMi 3 HHRE
Geosmin A4t -F-7A R} 5352 913t primer ©] 29142 7t
3}7] §15}9d, geosming A ALe|= 35 2] Anabaena <5 'FA)
I 15-9] B4 F At ARE-SHITE Geosmin AYAF Al
& 2}7} | A S (Anabaena sp. CBE-07)2} 734 118 B (Anabaena
sp. CBE-17, Anabaena sp. CBE-28)0]| A £-2] =] ] o1, u|AY
AFE2l Anabaena circinalis NIER10002+= =+ H 317 1151l of|
A ot ARSI EAlRE 2] B2 BG-11 HiX|(Rippka,
1988)5 AHE-51G1 0.1, 25°C 2] 2 uj 7ol A 144]7H2] o
7)(-40 pE/msec) S} 10A17H] OF7]:2 ey 2w shod o
3191}, Geosmin AJAL A7 geosmin 24 of 2= Hjofoy
9l headspace S A UM 5=
SPME) © 2 35531 7, 7}~ 2 20k Loful- 9ep2 A S AL
£3Fo] B4Y(Sung er al., 200530 24 BHol5FT)

=l

tA(solid-phase microextraction,

[TXt X|EL| AA|

Geosmin synthase -3 A A5 $Z3}7] 9]$FPCR primer=
GenBank (http://www.ncbi.nlm.nih.gov/)oJ| A Uj2&] 2E-2- geosmin
synthaseo)| 4| geod 2] 7] 4 €-& BioEdit Program-3 A5}
of alignment 3 F, A=) @7] Az RE A
(Hall, 1999). A7 primer7} 22} 25 B/d6k=A] o] FE&
golstr] ¢J3}ed, OligoCale T2 13- A5 tHKibbe,
2007). TSt 7]=of] 7HE PCR primer7} =] S.4~ A| & of| A
geosmin AYAF F A ] geosmin T A} HEof A
3SHR] ol 7] 931 Giglio ef al. (2008)©] B3t primer
(250F/971R)2 A-8-510] PCR-S 22331 TH Table 1).
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Table 1. PCR primers used in this study

Target gene Name Sequence (5—3") Amplicon size (bp) Reference
250F TTC TTC GAC GAY CAC TTCC
743 Giglio et al. (2008)
) 971R CCCTYG TTC ATG TAR CGG C
Geosmin synthase
GA792F CCA RGA GGC NGC TAA CCT CA
618 This study
GA1409R GCA TAR GTT CCC CAA ACM AGC C
i 16SCF* GGC AGC AGT GGG GAA TTT TC
Cyanobacterial 203 Oh (2009)
168 rRNA gene 16SCR CTT TAC GCC CAA TMA TTC CG

* For DGGE analysis, 40-base GC-tail (CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCCCC) was attached at the 5’-end.

DNA =& % PCR

PCRo| 2 83 %3 DNAEZ 511517 9J3ko] wjoyolz} 3k
74 A mE5E DNAS =& JAIsHt 3P Al 2= TE 2
9] HH(PD-CP; 37°42'33.32"N, 127° 27' 02.81"E), 3}=F]4=
EH(PD-WD; 37° 30' 56.18"N, 127° 17' 02.35"E), %<=&|(PD-
YS;37°32'26.62"N, 127° 18' 47.54"E) A -1} ) A & FA4-E]
(DC-CS;36°21'33.66"N, 127° 34' 08.46"E), th 4 5 2] A3}
A5 A(DC-WL; 36° 22' 00.96"N, 127° 34' 08.30"E)ol| A &
=ik T o o) g ut St Faes A2 20114 114
25¢, ] A13-2-20129 84 6, thAH &0 F=ax2] o A3}
A AHEA Aol A= 222011 d 69 13432011 109
2640 Al 25 55T

HFE Al ZO A geosmin®] 5= SPMEH O & 55
3, ZhAa Rk Teu 9EA NS ARgshe] BAjS)
ATHSung et al., 2005). 7]7]= AeE A 7|7} B2lg 7pA5
ZotE 1 1(Clarus SQ 8S, PerkinElmer) S AE-5}31.0.1,
AP} -F5ARS 212} Elite-5 MS (Perkin Elmer) 9} 252 A}
Bokqith 574 21}, 23S FB(PD-CP), 33| ~FH(PD-
WD), =2]I(PD-YS) A& o)A geosmin == ZHZF 117,
213, 615 ng/Lo]gl o, A & F42|(DC-CS)Q} A4 A3

FA(DC-WL) A&l A F5= 212t 115, 43 ng/Lo| AT

WAt o F 2} 2H Al 7 2] 552 polycarbonate o 4]
(&= 1.0 um, Whatman)E AME-SFATE w45 - sl §
3lo] A| &5 T4 5F 3, phenol-chloroform® & ethanol 274
Ho 7 DNAE AA| 523519t Genomic DNAQ] Ak
Quant-iT™ Picogreen® dsDNA Reagent and Kit (Thermo
Fisher Scientific Inc.)& AR5} THON et al., 2012).

PCR H1-g-98-2- 10X e-Taq buffer (Solgent Co.), ANTP mixture
(10 mM each), bovine serum albumin (20 mg/ml)of| S¢a 4
& Solg™ e-Taq DNA Polymerase (Solgent Co.)E & 7}5}0d
Z 50 pl =2 ARS8}t 323 DNA+= 10 ng/reaction2 AR8-5}
Atk PCR 2712 5811 95°Co| A A 2] & A3t 3 95°C

o)A 3027F WA, 187 A3, 72°Co A 187 %32 303]
HHESE ], mpR|Rko 2 72°Co) A 1027 $A4 2 E STk
Primer 250F/97 IR ¥} GA792F/GA 1409R ©] A== 747}
53°Ce} 56°CE AME-314 Tt PCR 7]7]+= MJ Mini Personal
Thermal Cycler (Bio-Rad Laboratories, Inc.) 2 AF8-5}Ith

Geosmin AL QFIXIC| H7IME CIM

=] T4~ A Zof| A geosmin AJAFEA7E2] geosmin synthase
gene 2] J7|AE ThFS w4187 fI5t0], 2 Aol Al 7N
el A EE ARESE] PCRE =33t F, o] cloning 5}
A7) gL BA35}9k PCR A2 PCR purification kit
(Takara Bio Inc.) 2 A A| 3t %, T-blunt vector (Solgent Co.)E
AR&SHo] cloning2- 5tod, & 480719 A7 M E(Z3E B
(PD-CP), 947}; 3+ 2| 4=EK(PD-WD), 96 7}; 9F<=]1 (PD-YS),
947}, th7g 2 F4=2|(DC-CS), 10371]; A& AYelj<5<](DC-
WL), 937))& 24183tk 714 -2 Solgent Co. o] ©] 2|5}
o] 1493199 0.1, DNA 5417]= ABI PRISM 3730XL DNA
analyzer (Applied Biosystems) & ARE-3}A ) £ 5 A7) A4
H o] thHd A4S f18l Al (phylogenetic tree) S 2Hd 5t
o, 0]:=MEGA 11.02 A&-5}4] Neighbor-Joining method
2 231t Tamura ef al., 2021). 245 4807} PCR A=
T 2 A oA F LR A7IA BE 7 = AE Al ek, 256
N AHE9] H714 B A HE GenBankol| 555151 0.1, 551
% +=0R032660~0OR032915 (DC-CS, OR032660~0OR032721;
DC-WL, OR032722~0R032773; PD-CP, OR032774~0OR032821;
PD-WD, OR032822~0R032860; PD-YS, OR032861~0OR032915)
o,

EHMTel 22z B4

A& F AR FHTZRE B45)7] 95lo] DGGEES Al
A5tk DGGES 913t primer+= &Allat 16S rRNA gene©]
el Z3Eo] 753t A 0 2 A 16SCF/16SCRE ARES
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S THTable 1; Oh, 2009). =% DNA 2] DGGE £4-2 Ishii
and Fukui (2001)2} Oh (2009)]| 4] A| x|+ B} o] w}a} 423
3}t DGGE gel A2 2 7] 958 Universal Mutation
Detection system (Bio-Rad Laboratories, Inc.)2 AME-3FA T
Gel-2 8% (w/v) polyacrylamide (acrylamide:bis-acrylamide =
37.5:)2 Azsiglon, WAAE 7 M urea®} 40% (W/v)
formamide S ARE-5}0] 30~45% 2 = H]E F2c)

FA 2 gel Aol A Aok A o= Ak = band & 22}
H & DNAE £53}31, 16SCF/16SCRE A-83}o] PCR =
Z.2 519tk PCR AHE-2 GeneAll Expin™ PCR SV (GeneAll
Biotechnology Co.)= ZJA|3}al, T-blunt vector (Solgent Co)

T XEe| A

Geosmin A g4 o]] o]3}= geosmin synthase= F 7}4]

H}-3-9 Zul|3}= & A (bifunctional enzyme) 2 N-HHS &

LA farnesyl diphosphate (FPP)Q] 118]3} B3-S

germacradienol-2- 51, C-Lh2 germacradienol 2 5-E]

Table 2. Number of geosmin synthase gene sequences by taxa deposited in GenBank database (Based on sequences available on May 2023)

Class & Genus No. of sequences
Actinomycetes 528
Actinacidiphila 1
Actinokineospora 1
Actinomadura 1
Actinophytocola 1
Actinopolyspora 2
Actinosynnema 2
Amycolatopsis 23
Embleya 1
Frankia 10
Kibdelosporangium 2
Kitasatospora 9
Kribbella 1
Kutzneria 1
Lentzea 2
Microbispora 1
Nocardia 6
Nocardiopsis 1
Nonomuraea 3
Parafrankia 2
Planomonospora 1
Prauserella 4
Protofrankia 2
Saccharomonospora 2
Saccharopolyspora 1
Saccharothrix 5
Spongiactinospora 1
Streptomonospora 1
Streptomyces 437
Streptosporangium 3
Wenjunlia 1

Class & Genus
Cyanophyceae
Anabaenopsis
Aphanizomenon
Calothrix
Coelosphaerium
Cylindrospermum
Dolichospermum (Anabaena)
Geitlerinema
Leptolyngbya
Lyngbya
Microcoleus
Neowollea
Nodosilinea
Nodularia
Nostoc
Phormidium
Planktothrix (Oscillatoria)
Scytonema
Tolypothrix
Tychonema
Myxococcia
Archangium
Cystobacter
Melittangium
Polyangia
Nannocystis
Sorangium
Gammaproteobacteria
Nitrosococcus

Pseudomonas

No. of sequences
112
1
6
1

—

-2 ST (ST SR

— W

=32l Al A|s9d Al4%
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80

Anabaena circinalis CHAB 3585 (MK213951)
58| Dolichospermum planctonicum DGUC006 (MF807215)
65| Dolichospermum ucrainicum CHAB1434 (MK213947)
Dolichospermum planctonicum NRERC-105 (MN857173)
1001 ynabaena planctonicaSDZ-1 (MK213954)
Anabaenasp. CRKS33 218 (LJOT01000061)
100 34| Dolichospermum ucrainicum UOM24 (MF996874)
93" Dolichospermum ucrainicum UOMS9 (MF996872)
Aphanizomenon sp. PMC9501 (KJ658367)
Aphanizomenon sp. CHAB 1684 (MK213948)
Aphanizomenon gracile CHAB2417 (MK213950)
39' Aphanizomenon gracile WH-1 (KP268488)

Oscillatoria sp. PCC 9240 (KJ658375)
4]()()* Planktothrix sp. 18 (KJ658376)
Planktothrix sp. 328 (KJ658374)

87~ Nostoc sp. ATCC 53789 (LWSY01000162)
99| L— Nostoc sp. TURKEYGEO1 (MK124614)
Nostoc punctiforme PCC 73102 (FJ010203)
100 | Nostoc commune FACHB 261 (MK213944)
Nostoc flagelliforme CHAB 2816 (MK213958)
Nostoc sp. 268 (KJ658369)
— Nostoc sp. KVJ20 (LSSA01000027)
Nostoc punctiforme NIES-2108 (LXQE01000157)
100 [ Nostoc sp. UK3 (KJ658371)
6411 Nostoc sp. UK4 (KI658370)
63 Nostoc sp. UK1 (KJ658372)
38|~ Nostoc sp. DB3992 (NSHF01000083)
62 — Nostoc sp. 210A (NOLJ01000001)
Nostoc minutumNIES-26 (LXQD01000297)
90 [ Nostoc sp. 213 (NOLI01000104)
99— Nostoc sp. 232 (NOLK01000064)

| Nostoc linckiazl (LAGX01000121)

100

100! Nostoc linckiaz2 (LAGY01000129)
99 Streptomyces fradiae HX (JX966093)
JTE Streptomyces tricolor iafH (IN652241)
oo Streptomyces griseorubens iafE (IN652238)

Streptomyces albus FXJ (JX966092)
99 1 Streptomyces flavogriseus AMU14 (JN652235)

0.10

100 4 Streptomyces anulatus AMU11 (IN652234)

Streptomyces flavogriseus iafB (IN652237)
Streptomyces radiopugnans QC-1 (KC513949)
Streptomyces champavatiiiafA (IN652236)
Streptomyces champavatii iafl (IN652242)
| Streptomyces lividans iafG (IN652240)
: Streptomyces lividans iafF (IN652239)

=)
G

100

Anabaena
(Dolichospermum)

Aphanizomenon

Planktothrix
(Oscillatoria)

Nostoc

Streptomyces

Fig. 1. Distance tree of sequences of geoA gene involved in geosmin synthesis. The tree was constructed by using the neighbor-joining method. Local
bootstrap probabilities are indicated at nodes.

geosming $Hg

SFCHGiglio et al., 2008). GenBank (http://
www.ncbi.nlm.nih.gov/)oJ| 4] “geosmin synthase” = A3t 2
T} 658719] 917] 4 (20234 5

=

712, uncultured bacterium

, Leptolyngbya, Phormidium, Nodularia 9] 71 Ex=
1F3E ] Q] tH(Table 2). 721 % geosmin synthase 2] &7] 4]
F S BAE A}, Streptomyces spp. & EAIAL] A7)

2 uncultured cyanobacterium & 7] 4 G A 2))o] 131 o, o]
9] t 522 phylum Actinomycetes (80.2%, 528 7)) o]] 453+
Alat2] 2o e}, FAllef(phylum Cyanophyceae) 2] 7 -9-0fl+=

1127119] 714 Qo] AM =] Q] 0, Dolichospermum (Anabaena,
377W), Nostoc (297V), Planktothrix (Oscillatoria, 77Y), Microcoleus
(770), Aphanizomenon (67)) <501l &3t FAllwto] =2 24| 6}

2}o|7} 2 Ao & Vel THFig. 1). waba] 374 A7
& geosmin A4F HAIES AE517] Sl3to] o] 5 $71o]
o121 primere] 7jro] e sk A0 ghekel g,
A3 ATto)| A A2 geosmin synthase S HZ3}17] ¢
3l 7= primer (250F/971R) S| 78, Nostoc punctiforme
PCC 73102 (ATCC 29133)2] geosmin synthase 7|4 E=

i dr > ne e e
e _Q -hI

Korean Journal of Microbiology, Vol. 59, No. 4



264 - Leeetal

(A)

1,000

500

LA

L

M 1 2 3.4 5 6 7.8 9 100 M
SRR R W e e e e
3,000~ J—
1000« —
- @ =
:- . . - - -T
'3 E) -

Fig. 2. Gel image of results from PCR amplification with the 250F/917R primers for geosmin synthase gene of cyanobacteria. The +/- signs in the images
indicate whether or not geosmin is detected, respectively. (A) Lanes: M, size marker; 1, Anabaena sp. CBE-07; 2, Anabaena sp. CBE-17; 3, Anabaena sp.
CBE-28; 4, Anabaena circinalis NIER10002; P, positive control, environmental sample taken from the Daechung Reservoir on Jun. 13,2011 in which high
level of geosmin was detected; N, no template negative control. (B) Lanes: M, size marker; 1-4, environmental samples taken from Han River basin on Jul.
1, 2011; 5, samples from the Boryeong Reservoir on Sep. 16, 2011; 6-9, samples from the Daechung Reservoir on Sep 17, 2010 (lane 6) and Jun. 13,

2011(lanes 7-9); 10, no template negative control.

(A) M- el s S praN]

e S
o)
L=
-l
1,000 swe
—

i e eEa
500 & o

e

(B) M 5 6 7 W8t 9
e

1,000
g-----
5002

Fig. 3. Gel image of results from PCR amplification with the GA792F/GA1409R primers for geosmin synthase gene of cyanobacteria (A) and of
environmental samples (B). (A) The +/- signs above the images indicate whether or not geosmin is detected, respectively. Lanes: M, size marker; 1, Anabaena
sp. CBE-07; 2, Anabaena sp. CBE-17; 3, Anabaena sp. CBE-28; 4, Anabaena circinalis NIER10002; P, positive control, environmental sample taken from
the Daechung Reservoir on Jun. 13, 2011 in which high level of geosmin was detected; N, no template negative control. (B) Samples taken from
Cheongpyeong (PD-CP; lane 5) and Hwado Water Intake Tower (PD-WD; lane 6) on Nov. 25, 2011, and Yangsuri (PD-YS, lane 7) on Aug. 06, 2012 in
Paldang Reservoir, and from Chusori (DC-CS, lane 8) and Seohwacheon-Wetland (DC-WL, lane 9) in Daechung Reservoir on Jun. 13,2011 and on Oct. 26,

2011, respectively.

HE AAE AoR 743 bp 27]9] PCR A5 AR
(Table 1; Giglio et al., 2008). ©] primer+= geosmin=- AJAFsH=
Phormidium, Anabaena, Pseudanabaena, Geitlerinema <5 '3
Alet-2] geosmin AYAF GRS S5 = Q7] w2 oll, 2
& 92 Aol A geosmin FAF -2 HESH] f19E
2207 da] ARE-E 1 QUtHGiglio ef al., 2008; Auffret et
al.,2011; Anuar et al., 2017; Davis, 2019; Shardlow, 2021).
S A e} Yol A el 352 geosmin AJAF
Alatoll tske] 250F/97 1R& AH8-3HPCRS =33t A3 PCR
Aol WEEA] A3k THFig. 2A). ER} A%E 2] geosmin©]
SAE AL 370 AH(2011d 6 13d)3 gHd=pA 2] 47
A1 7 1ol A HF A RE 22 PCRS

o,
>

=32l Al A|s9d Al4%

ghAx}, 7 19of| FF ol A F 3 Al 22} geosmino] H&E
A G2 A5 A 5201019 9 17) Nl A €F700 bp =7
O] PCR AHzo] TAE QoW thE A=l A= ol dE]= 2
719) Abgo] TaLE|A] ghorom, UK Al 7ol A= th4=2] band
7} 2= QI thFig. 2B). ©]9} o] geosmino] HET A]& 9|
A PCR $Z0] T R] 9k-& A-2-250F/971R primer 7} Nostoc <
At o= E A ¥ ]l 2H, Nostoc spp. 2] geosmin H 3}
d RSl A7 Fo] = 24 A& o 4] geosmin HHAY O
F9 U FAl o2 L] dnabaena 452] F-XAA L} o)
5}7] W&l Ao & W thFig. 1; You et al., 2013; Lee et
al., 2020b).

2 Aol A= = Z4x0) 4] geosmin AJAke] o Sh=
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Alet-& HEshetl A3t primers AASHITE =W T4
o\ A Anabaena < ‘FA|2] 71} geosmin ] BHAY 9] Ay
A o] E=rl= AL 318 (Lee et al., 2020b) 5103, primer A2 A| A]
Anabaena spp.2] geosmin synthase §7| A4S 28351 tt.
GenBankol| 525 329] YA« (4nabaena ucrainica CHAB
2155, Anabaena ucrainica CHAB1432 W Nostoc punctiforme
PCC73102)2] geosmin synthase 2] -FZ1Z} & 7] 4 B(HQ404996,
HQ404997, FJ010202, F1010203)2 W= 2to}primer (GA792F/
GA1409R)= A5} o1, 0]2] AL H7 |51t Table 1).

AAH primere} = Ao A Ea]H 35-2] geosmin Al
Al AT} geosmino] HEE A S A|F(Q2011E 6 13
o) HE| 25E DNAZ AL4510] PCRS et A7), o4
%l 37]9] PCR AHEo] T2 E] QI tHFig. 3A). T3 geosmin©|
HEE TGT O 37 Aot thF 50 270 A& A= PCR
AhEo] HEE A HH(Fig. 3B). ofof whel & 1t A ZdE
primer7} =] A0 A ‘FAl 2] geosmin synthase S 74=3}
710l At 2 A ;A2 gk

Geosmin A STXIR| H7IME CiM

A5 9 T3 of| A geosmino| A== Al 7] of] A F]
A Z2E YA 2 geosmin YA -5 AL O St primerE AR

sto] PCR& =333t 5, o5 | o] A4 8}= geosmin AJAF
A 2] geosmin synthase G222 G714 F thofdS &
41515 thSupplementary data Figs. S1-S5).
r5.0] 37 X HoA AR Alzol A B4 2847
Aok A 714
A& BlsirkFig. 4). o5 ARE 2712011499) AL
3201219] o 20] b2} b2 A Mol A AT Ao, AR
A, A3 ZFo] 7} Al2roll = =6kl geosmin @] 5= A 4EAL7}
Anabaena & A O 2 FLsIF T Ad) Aol w=Ew
& WAl 25°C olAe] 4204 24 AAS
= Aoz dA ¢JthRobarts and Zohary, 1987; Lee and
Park, 2002). A9t FUYFF2] HE7t £ wo= ~20]
Ao = rpSAo] dojuh= A o= Bk glo
EF](You etal.,2013), £ 7| & o } 2 5 Af0 & ©
o P oA S RED-00] TR AGH O R ol K=
o o)A Itk Park et al., 2013).
T DA geod A A7 DS AT A 3
(PD-CP)J"’—]' 3z F4H(PD-WD) Aol A= &L gt H 7] A
2 7}A]+= clone (OR0327752} OR032823)0] 3l X A9l
/\1 B A= clone ] 2171 48.9%, 58.3% % 71 =& v]&-2 =}
2|8k}, oF4=2](PD-YS) oA OR0328610] 38.3%

clone-2 25 Anabaena spp. 2] geod &

Anabaena &

»lor

3

0:

64| Anabaena circinalis CHAB3585 (MK213951)

62' DC CS 110613-005(0R032006) PD YS 120806-066(0OR032891)
3 ‘ PD YS 120806-002(OR032861)
DC WL 111026-006(OR032726) PD CP 111125-002(OR032775) PD WD 111125-001(OR032822)

99

[ DC WL 111026-093(OR032762)

99|

59|

Dolichospermum ucrainicum CHAB1434 (MK213947)
99 5] Anabaenaplanctonica SDZ-1 (MK213954)
DC CS 110613-003(OR032661) DC WL 111026-001(OR032722) PD CP 111125-008(OR032777)
— Anabaenasp. CRKS33 218 (LJOT01000061)
10 Dolichospermum planctonicum NRERC-105(MN857173)

Aphanizomenon gracile CHAB2417 (MK213950)
Aphanizomenon gracile WH-1 (KP268488)
Aphanizomenon sp. CHAB1684 (MK213948)
DC WL 111026-041(OR032742)
99| Oscillatoria sp. PCC 9240(KJ658375)
Planktothrix sp. 328(KJ658374)
[ Nostocpunctiforme PCC 73102 (FJ010203)
08 Nostoc punctiforme NIES-2108 (LXQE01000157)
93J7 Nostoc sp. ATCC 53789 (LWSY01000162)

42U7 Nostoc sp. KVJ20 (LSSA01000027)

—

35 Nostoc commune FACHB 261 (MK213944)

0.02 B—incia sp. DB3992 (NSHF01000083)

Fig. 4. Phylogenic tree based on the partial sequences of geoA in geosmin synthesis found in Paldang and Daechung Reservoirs. The tree was constructed by
using the neighbor-joining method. Local bootstrap probabilities are indicated at nodes.
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Fig. 5. Distribution dynamics of geoA gene in Paldang and Daechung Reservoirs. The name on the bars indicates GenBank accession number of clones. The
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Fig. 6. DGGE pattern of samples taken from Paldang and Daechung
Reservoirs. For site description, see ‘Materials and Methods’ section. The
DGGE gels had a 30 to 45% denaturant concentration gradient, and only
the part of the gel containing bands is shown.

£ 2}23}9thFig. 5). PD-CP2} PD-WDoJ| A 2743t clone
(OR0327752} OR032823)-2 PD-YS A & of| A= LJepL}R] ok
Qrom, up7EA] 2 PD-YS ol A £~ 3} clone (OR032861)-2
PD-CP2}PD-WDoJ| A UERLER] ¢hQke TS o) A 215 5
PD-CP2} PD-WD= 30 km 0|4} 0] 4 =] o] 9] © 1, PD-WD2}
PD-YSi= k5 km o] 4] 9J-20]| %= PD-CPL} PD-WDOJ| A] &
U3t A71M 29 cloneo] -7t HIH, PD-YSoll= thE F7
9] cloneo] 9-3stict. o] 2|3t A= BT oA -38k=
geosmin AYAH G| 2] FFe A Hihs o) wheh 24
28 ou)gith TFs e 540 AFA7o]| B 51U %

=32l Al A|s9d Al4%

Table 3. Identities of bands obtained from DGGE analysis of samples
taken from Daechung and Paldang Reservoirs

GenBank

Band® Cyanobacteria Accession No. Similarity
1 Microcystis viridis CC9 AB035552 1.000
2 Microcystis ichthyoblabe TC24 AB035550 0.993
3 Microcystis viridis CC9 AB035552 0.987
4 Uncultured bacterium NN12 IN869081 1.000
5 Pseudanabaena sp. 0tu30s18 AM259268 0.993
6 Dolichospermum affine 04-44 FN691907 0.987
7 Anabaena lemmermannii 202A2 AJ293104 1.000

8  Anabaena lemmermannii 202A2 AJ293104 0.987

* For band information, see Fig. 6.

7 424101 6.5 m 4% wrero] loket )42 5%
40]tHKim et al., 2002, 2009). weba] ZFEtg o] dof
2954 2571 S48 7 P5o] o0 o] S| el
Ag=2] k= uf- &2 7] 1te] Wskel 4= QItKKim ef al,
2009). bA] A o) chek T st ek 22 Al7jol AR
AR SR F771-AY] HEel Ao w BekEry

DGGE & AHg:310] 7} 2ol Al -3k vhale] 23
25 AT 2] Al 23 o A band pattern-2- 1
L FABH Yelgoen, == XA Dolichospermum
affine 04-44 (FN691907)2} Anabaena lemmermannii 202A2
(AJ293104)9} 9171 4 & §A1o] 3-8 Yalgo] $sh= 2
© 2 YElTHFig. 6; Table 3). thA &2} 2] Microcystis <
WAl W A] Rtk AEA 02 BT O Al Aol A

[®

L for



L SA0]A geosmin MEH REXIO| A7 M CHYN 24 - 267

A5 A 2ol A FAIEL] 16S rRNA -4 £0]2/9] DGGE
primerE ARSRE AR A A, o9 FARE 2
£ YEPH S 0, Anabaena & ‘FA|do] $-8t= AL E L
Ebt} Geosmin A3AF 4210 F7 A FL BS54
E clone®] Anabaena < 'FA|112] geod SR} AFEAJo
Ao & Uehytoit, 8o A 3E PD-YS A2} 1199 A
= PD-CP} PD-WD A| 20| A] &A1= S4R} 25771 Abo)
shed.om, ofef g Aol AR H2] A7) wh Aolehs 7h
540 AA H e
o B 24 of A B AVl A o A A 35 A oA
geod SRR Q7 HBL 717 947 BA G Ak, HA|(DC-
WL)o| 4] 22H 27)19] clone (OR032762, OR032742) 2 | 9]
HAIEO] geod & vl ARG Ao =
QI thFig. 4). OR0327622} OR032742%= Dolichospermum
= Aphanizomenon % At 2] geoA 2} AR 71 A E
< YEM QITE OR032762+= Dolichospermum heterosporum
TAC447 (CP099464) X Aphanizomenon gracile WH-1 (KP
268488)2} 717} 97.2% U =|5}H S, OR032742%= o5&
9] A7 E 2} 2+2F99.6%, 99.5% Aoz el
). wreba] thAg 5 2| of| A= B 5.2} 2] Aphanizomenon
& FAflatol] olgt geosmin At 75/ 0] QL. o, F-2 Anabaena
& FAletol| ol = AYAtE = A o2 spotE Tk
ZF4-2](DC-CS) A of|A41+=0R032662 (28.2%)2} OR032661
(8.7%)°] ©- A3} t}. OR032661%= 242](DC-WL) A] E.0]| 4]
F2(32.3%)8131 o1, T o] A (PD-CP) A =(2.1%,
2/94)0l| A = #&E G131, PD-WD&}F PD-YS ol A &= 2}z 174
9] cloneo] =] Rict. wehA OR032661-> 2 A-ol A &
A% 571 A5 ol 4] == P clone o]t} OR032662 2] 789
=t = A3 <Q1 DC-WL} PD-CP, PD-WDoj| A LHERLEA]
okt o, PD-YSo|| A 271 2] clone (OR032891; 2.1%)°] A=
&3t} DC-CS &} PD-YSoll A= sHa 7191 6 D3} 8Hof A=
Zh A2 = o, LA 8- el 1097} 18] 7%
A2 o]t}. ufgba] DC-CSof| A -3t clone (OR032662)2 3=
EAHA SR 5-20] 2 A7]of YEh= 2 o= et
DGGEE o]-g-sto] FAllat -5 415 23, W**E

#
ta

i) FLU

)3l Anabaena <

HEEES

94 = A B MY & Microcystis 2 GA1H0] 48192
T} 5 o} tha] = x| A o] A TLzof 2 o) 7} QlelTh EHigi
= o 4 el AR AL B 0.2 Al BAAE

J5HA =l Al bl whet 950l R ot A o=
oty A QlthLee et al., 2011). S2-2] A|&o|| A= Microcystis
2= o] @)of| B Al 7oA Ve Dolichospermum (Anabaena)
& WAl o] S8k A e UEW itk 54 Al =(DC-

WL)o|| A+= Microcystis <5 ©] 2] o] Z=+ Taihu Lake ]| A 32H%l
uncultured bacterium clone NN12 (JN 869081)2} Pseudanabaena

2 U FHAM259268) 3} GAFal EE7L 0 sl 2o & 7
2= Q). Pseudanabaena < ”'/\ﬂ
NostocT} T 50] =23 geosmin A FA|HF o= def A
Q) O L(Suurnikki ef al., 2015; Senavirathna and Jayasekara,
2023), Pseudanabaena < ‘FA| ]| t 3t geosmin synthase -
AR} Q714G o} 7R LR ¢kt7] WEol(Table 2),
Anabaena®) geosmin synthase 2} -G-AFSHR| = & 4= Qict A3}
A GA] Azl A A geod AL 714 D T
2 A7) geod SARO} Hf o 9 AEk H o7
U2k 0 H(Supplementary data Fig. S2), DGGE &4 A}
Anabaena <& A+t E.t= Pseudanabaena < ‘FA| 2] 2
Bl B Ao Uetona, Ashl Aega) AlRelA
B clone®]| Pseudanabaena < A2 geod - A} A
71 e 7FsAo] & Ao & wekETh o] F Bl 9
sto] SHA A 225 E geosmin A Pseudanabaena <5 FA|
o] Bo] WOk F8) geod §AA} ©71H QY] Bajo] L a

-2 Anabaena, Oscillatoria,

o| Anabaena <

T2 B A S oA HAEE Q] geosmin ] MY -4
A “71 AEo T AT A, tiRE9] clones0]
Anabaena < AT GARRE 97| A D& e o] o] & #]
o o] A] geosmin Q] F=RYAR = Anabaena & AT ALo2
Tk ok ok 2E A of| A -3 Shi= clone> TR 40|
stloH, g o e A7 |E R the A714 E& 71 clone
o] A5kt o] )3t 714 E 2] 2}o]2} geosmin synthase
9] geosmin A4Hs ko] HAYS A7 5H] flske], AR
E2 5 geosmin A AwES w2 vl eFste] EelgH a7t
Utk
H o Lof| A ke HAll2] geosmin synthaseo]] T g PCR
primer= =1} £4x0fA] geosmin AJA4F HAlwES HEsH=H
At A o2 PeE e o] 93t Abe Aol A A
B2 uRA)S 2] 7FR|3F 2 9l BAA)EEl A Wb o =)

2 AR o] #8715 Ao AlrEt,

0]

x~
1

==l =3 S
Al Tk o] dofid b of A Upeht = T 32 Q1
AlEd ol B Lo A= U] S Ao A] Eallate] geosmin
A FAAE AEE 4= = PCR primerE A A8l 0] 9

Geosmin-> NE sl 2x 7
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