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Detection of Microcystin Synthetic Cyanobacteria and Variation of Intracellular Microcystin Synthesis
Using by eDNA and eRNA in Freshwater Ecocystem. Keonhee Kim (0000-0002-5725-1447), Chaehong Park (0000-
0003-1080-0733), Hyeonjin Cho' (0000-0003-0591-519X), Daeryul Kwon? (0000-0001-5237-5275) and Soon-Jin Hwang?*
(0000-0001-7083-5036) (Human and Eco Care Center, College of Sang-huh Life Science, Konkuk University, Seoul 05029,
Republic of Korea; 'Department of Biology, Chonnam National University, Gwangju 61186, Republic of Korea; *Protist
Research Team, Microbial Department, Nakdonggang National Institute of Biological Resources, Sangju 37242, Republic
of Korea; *Department of Environmental Health Science, Konkuk University, Seoul 05029, Republic of Korea)

Abstract  Targeting Microcystin (MC), which is most abundantly detected in the North-Han River water
area, we analyzed the relationship between the MC biosynthesis gene (mcyA gene), cyanobacteria cell
density, and MC concentration, derived an RNA-MC conversion formula, and derived the cyanobacteria.
The concentration of MC present in cells was predicted. In the North-Han River waters, the mcyA gene was
found mainly at downstream sites of the North-Han River after Muk-Hyeon Stream junction, and higher copy
numbers were found on average than other sites. In the Uiam Lake waters upstream of the North-Han River,
the mcyA gene copy number increased at the Kong-Ji Stream point, and after September, the mcyA gene copy
number decreased throughout the North-Han River waters. The expression of the mcyA gene was concentrated
in the short period of summer due to the spatio-temporal difference between upstream and downstream water
bodies. The mcyA gene expression level was not only highly correlated with MC concentration, but also
correlated with the cell density of Microcystis aeruginosa and Dolichospermum circinale, which are known
to biosynthesize MC. Six conversion formulas derived based on the RNA-MC relationship showed statistical
significance (p <0.05) and exhibited high correlation coefficients (r) of 0.9 or higher. The expression level of
MC biosynthesis gene present in eRNA determines the synthesis of cyanotoxin substances in water, quickly
quantifies gene activity, and can be fully utilized for early warning of MC development.
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Z=7} oeFet E &2 &4 (Cyanotoxin)= A E|
A ABAE AT A olgel AAH TshE E
Z= )t} (Christoffersen and Kaas, 2000; Olsen et al., 2016).
Microcysting B3 ThFet @254 AlZ A% 7|17 &
Sk Al WRoA Y D SAEY A27t AR o a5
o2 $3H YRELE EeHoR Aojsit AL v of
Ht}h(Zamyadi et al., 2012; Sklenar et al., 2016; Waters and
Dugan, 2016). W2t $59 G252 AEHCE 7o
517] I8 Al WiRo] E2Asks G259 ARAES A&
3] eleh e Agl Tel S0l QoiA e Fasith

Be ATolA dRge] YREs ATHE A% o
ofst7] 3l dx2 =4 T8 SASHReH dxFew
ELISA (enzyme-linked immunosorbent assay) w453}
HPLC (High Performance Liquid Chromatography) &4
Ho| AME-EQItH(Chorus and Bartram, 1999; Mathys and
Surholt, 2004; Qu et al., 2013; Shamsollahi et al., 2015). 5}
Agk ELISA BAHS Adel] Y2543 24T 4 9o
U gEEae EAH (A, $24)E TR 9T
24317] Rl %9 YRel dEREL PHAE 4T
3] #otslr] o]k (Crush et al., 2008; Jeon et al., 2017).
HPLC 24%2 @A) 254 24 9 FolA 7P 4
3 240) h5}An WA B4 9fa) B Ak] 2
2 =1 (McElhiney and Lawton, 2005; Shabnam, 2013), %
S} o BN DLOE AT YREL B L0
2 = ITH(MOE, 2016). 9t ofy 2} ELISA &A%t
HPLC B4 257 AgHdo] dad dijds fAst, 5
2 TS Al U fofl A Eal =R ¥ 109 o4 A7|%E
EAsH] dzoll 54 Al719 ARt 2E4 FEE S
A3}71= oJHTH (Chen et al., 2014; Park et al., 2016). E3t
HE2Es S 54 4 F8AHY genotypedt o] -3
A 9lo] Saghe] 3 WA 29102 2go1] Rl
WA 2 ol B SEolAE YRR FES BUH
Yol AL YRS4] GHTA diet BSES T
3 t}h(Vezie et al., 1998; Park et al., 2000; Vaitomaa et al.,
2003; Boopathi and Ki, 2014).

olee BALze YEEL BUHY BARE s
A} FT FAGASH o e g EAskE AE
AY FAEES Bt W] AZE U £3] eDNA
(environmental DNA) 7|4te] A2} SAH L =3 2]
eDNACJA F2Ea P4 FAXE sk o] 7|5ke
2 fof d27o £25 gorgh sAlo] gxF7F o
Atz olAd FalEd WY e S w4 Y &
AR} primero]| WebA F £FY SoldS 1T + Aot

(Tamura and Nei, 1993; Ueno et al., 1996; Vaitomaa et al.,
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2003; Tsao et al., 2014; Savela et al., 2015; Kim et al., 2018b).
Wt olu2} eRNA (environmental RNA) &8 242 &
o R YRS ANV BEE 5 9on o §
3 sl H2 7Y 542 AP 84 RE ¢
S 4= QI (Stelzer et al., 2013). TehA 34 SAAE o]
3 93 F2F S HPLCY ELISA B4 H} thok
St AR A AEE AT = Q1o o= AedofA] oAy
Stz g8 el AL W2 ot o|5e REg
gobst= g ul$ 883}t (Kim ef al., 2018b; Chun et al.,
2019; Lee et al., 2020).

2 A7 B84 eDNASF eRNAY| E4f5t= &
=4 A F8A 5 Microcystin AEA 42 (meyAd)E
2A4sto] A QI Microcystin 3 HF2Fe 22 ¢
Microcystin A3 /4 WIS Tpofstg o o|F &3l 4=
W7o RIIL FUEAT FALET L YEEL Aol

of BAE sefasi
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1. ZAXIE U AZEHE

B3k £=9] 97 A A 20159 1€~20164 3€7}t
A 9 12](n=14) ZASLoHFig. 1. ZE AHOA Van
dorn water sampler (Geo Scientific Ltd, Vancouver, Canada)
£ ARg3to] £ 30em vole] BE ASAT 2L A
2297} 250 mL PET ¥l 2H2 A woteh Aol A 24
AR Yok 2N 24417 ool APAR 2ubelgl
o} 2L Ay o] @Ao) Al 1.5 LE microcystin 4 74
Zh(meyA) BAo]) ARSSHEIL, 500 mLE %] microcystin
FEE BAsHe o] ARt 250 mL PET B9 d34E

Lugol 9102 TA% F APl Y2f AEE AS

i

2.eDNAZ2L eRNA =&

= 2N L
3 A=

APAZ ket & GF/F glass fiber filter (pore
size: 0.7 um, diameter: 45 mm, Whatman Co., UK)2} poly-

[e]
R

carbonate membrane filter (pore size: 1.0 pm, diameter: 45

mm, Whatman Co., UK)2 ojisle] 2F AZE =
StRo™ meyA FARY Al Baxet fAA EE

T2 Tofst7] 913 eDNASL eRNAS FE3H3H ZF Al
7Y ofmpere o] FHH@ito] WAYsH] AATIA] o
Hspglon, iy oFE 7|55t eDNAE F=3t
7] 98l Freezing thaw ¥} 3} Bead beating WH 22 GF/F
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Fig. 1. Map of North-Han River watershed and sampling sites. PD,
CP and UA indicate Paldang, Chungpyeung and Uiam, respectively.

glass fiber filter2 SIH G2 HF AZE ETF o= T3
3} 2™ kit (Nucleospin soil kit, Macherey-nagel, Dfiren,
Germany)2] protocol®]] @Wz2kA eDNAS &3}t (Laza-
revic et al., 2013).

eRNAS £&3}7] Y3)| Trizol AAE2] Riboex LH-E ARE-
3}R2 ™ polycarbonate membrane filterd]] 243l H25F
A|3EL] RNAS £&3}9th £&5 RNAE RNA purification
kit (Hybrid-R™, Geneall, Korea)S AH&3lo] A5+t
eDNA®} eRNA &5 841517 9J8) E-gel™ Power Snap
Electrophoresis system (ThermoFisher Scientific, USA)2]
2% agarose gelo|A A7) 95L& £33 E-gel ™
Snap Camera (ThermoFisher Scientific, USA)Z FZAtE
2 15T A7 GENA S84 band7h el Az
Nanodrop (One, Thermo Scientific Co., Waltham, USA)<.
2 =5 345l

Power

3. eDNA2} eRNAZS| HMZFE M (Quantitative analysis)

FZNAM meyA FAAE B3T3 DNA copy number®}
SR} WEFS HA43517] 98] quantitative PCR 42 4

5t QbR EtM 3

[

[== R |

y5} T} mcyA gene primer= E3 A E1EH mcyA-Cd 1F
(5'-AAA AGT GTT TTA TTA GCG GCT CAT-3")2} mcyA-
Cd 1R (5'-AAA ATT AAA GCC GTA TCA AA-3)E ARE3}
St} (Hisbergues et al., 2003). meyA A+ & (RNA gene
expression)< RNA 7| €2 AFE A2 DNA (comple-
mentary DNA: cDNA)E ARE-3}4] quantitative PCR 24
3t ¢cDNAE &4d35H7] $3ll Easy cDNA synthesis Kit
(EcDNA100, Nanohelix Co., Daejeon, Korea)S ARE-5}%
© ™ kit?] protocolo]| W} 2 steplZ Lo 33T
3% cDNA+= quantitative PCR 24 A7FA] —20°Cof| A
Hstgich

DNAS} RNA9] copy numbers
ase®} mixtureE E93F &
(Rotorgene, TAKARA, Japan)2.2 143} th. Polymerase
+ intercalate type2] 2x Real-Time PCR Master Mix:
including SFCgreen®I in mixture (DQ362-40h, Biofact Co.,
Korea)& AHE-stG o™ AFFEAS 918 PCR Master Mix
10 L, forward primer (10 pmole uL.™") 1 L, reverse primer

E4935}7] A3l polymer-

quantitative PCR machine

(10 pmole uL™") 1 pL, template DNA 3 uL, nuclease free
water 5 uLE 25 ZSHTh B4 2L 95°Col|A 15
min Z¢F HF-8F & 95°Col|A] 5 sec, 62°CollA] 10 sec, 72°C
oA 15 sec I 353] ¥HESI o™ 72°C DA A FF

2 =739 ) Quantitative PCR £40|A ZF §-&=} Ct
2k A4 copy number (Nen) = EF341 4] (Equation 1)<
o]-&s}e] 1h=3FATH(Oh, 2009).

CrXAn
Sa X MWy, X 106

cn=

(1)

Avis OLRAAER ] 4, MW, Q714 B 2R R,
Sa= Microcystis®] genome 37|, Cre JF FE2ZAS &
3 Al4HE DNA Al&9] tiA+-22t copy numberE 2Jw|et
ok FETAL AETP) Q5] BE ER 5 strain 2 Micro-
cystis aeruginosa UTEX 2385—‘;— AME319 2™ cloning
method& ARS8l EE3419] copy numbers AAHSIATH
(Oh, 2009).

Lugol £ o2 143t A|ZE 72 hr o] AAA7
FEOHAT 5% ARe Y5t E£3d + 1
Sedgwick-Rafter ountmg chamberol] 4 ¥ 10
& ARAAA F 17:‘ o7 HHSYE 2EFL
e Fefd EAL FeEn| Ao FaE sdEtE
Z9] JHE zelogg].%ﬂ\gcq AZ Zo] (um), F(um),

({V) ol-rl 8 g o
nJQ, o B = o
o = o o mn fu

09L

':41



D

ek

Tob

. HFR

h

Ofor

X

2 53 9 =7 (Jung, 1993; Park, 2012a, b)Z}+ ¥| W5} T}.

Microcystin (MC) £4& H= & A FZAAH o
2h4 81 9THMOE, 2016). MCE 4714 Fejg 25 2
Balgon AAE P SES F MC SEZ B
ok @44 10mLE £&3t 54718 olg5te] 30 min F
AZE kR 5, Wul4o 2 AE sah2 Selstgon ot
7k 900% ol WA ke AL FUT BHL
HHESI T A3 Tk o]& FAL7|HE (syringe filter, pore
size: 0.25 um, Whatman, UK)E ARE3te] AJZ 2] & (cell
debris) T3}t okt A RS 1A 7HE Ao St
AA MCE FE319leH 55 MC A& liquid chroma-
tography/mass spectrophotometer (Agilent, USA)2] ODS
C" AP & ARg3te] EA3IG T MC S 2E A AFAIZE
o W83} chromatogram peak BA-& E3f AArst%ict.

43| A mcyA DNA copy number®} mcyA RNA copy
numberE heatmapl 2 £X43}%th. DNAS} RNA &
copy number mL™' T2 At AEE AREFIHoH, R
window (version 3.6.0, Boston, USA)2} R studio (version
1.1.463, Boston, USA)E AMg3te] 22E B4 91
ggplot2 package (version 3.1.1)9] 2d heatmap packageS
ARGt 24 AAE S5k (Wickham, 2016). R
A £493t heatmap A ¥}+= Datagraph =2 13} (version 4.4,
Visual Data Tools Inc., Chapel Hill, North Carolina, USA)
o dgste] A Z3}stict

%9 MC %9} mcyA RNA expression Alo]2] 3|7
HAAE &Edt7] 98 24+ 870 dataE excel sheetol A
indirect &%} rand <& AME3}] gene expression ZF
28] %% (Random sampling)3}ith. &% RNA @&
2Tt SUT A1719) MC 5EZEE ol3te] $219] HE 3
HZA A2 503] ol FA9] £25AT MC 5
=9} mcyA RNA expression A0]9] ABA 4= ()7} 0.9 o]
A9 BE HATAS AEsdTh BF GER AU,
MC 5%, mcyA DNA copy number, mcyA RNA expression
& Atol9] AHTAE E43817] $18) R window?} R studio
9] performance analytics package (version 3.6.3)¢] Chart
29 A28t (Peterson ef al., 2018).

=

Correlation tool

2 &

X

1. £&0M mcyA DNA copy number2| A|- ZZH HO|

= AHoAA mcyA DNA= 694 12€ Aol F=2

rgl

Xl

(b3

CHUE - el

Olow

A
s

sl e, B3 AR 5752 meyA DNA 2
< AIZHA Zpol7h EA8EGATH(Fig. 2A). 8~9Y Atole] copy
number7} - F3om F2 5174 (PD1~PD4)oA =
2 copy numberZ} HAE I} mcyA DNAE 699 5
stglom 3HR4 (PD2~PD4)o) A B 5.8 10" copies
mL 02 AR5 (CPI~UAH)ETH 98] £ttt B3] B
o] 4% PD39} PD4 A Ho] 7.5x 10" copies mL™
o= 7P¢ ETh(Fig. 2B). 8¥ol= T3S E3Hsh= ot
F4o BE 2 A A mcyA DNA copy number7} B4 1.0 x
10" copies mL™" o1& F23] F71tgom ARE odd
(UA1) AT ZAH (UA2)IIAE 8.6x107~1.2x10"
copies mL™' 2 copy number7} %$tt} mcyA DNA copy
number7t 543 713 8Lol= =59 E=x =9
Al 23] Z7vsk4h 31492 990 copy number7} 7+

=

_r’_l:ﬂ

=2

T T
AP ou ARS9Le gdrT) sHj oA F715k% T (Fig.

2B). U HE HEsto] AT W A HAolA 8.5x%
10"*~2.6 x 10" copies mL ™" 2] ¥&-& copy number7} E-XZ3}
At 9 ol diFE A olA meyA DNAE 1197H4] 2
238l on E3) UA2 AFL 11490) 3.7x 10" copies mL™
o7 7P ekt st H@ o] R 2 (PD3)
2 mcyA DNA copy number7} 1093} 12¥€0)] YAFoZ
2.1x 10" copies mL™'712] FZ3tg.o 12¢¥0|& PD3 A
7t ofyzk PD2 A H7HA] copy number7} FAH 22
8.2x 10" copies mL™' 0|4+ FA3] Z7}819ch(Fig. 2B).
CP13} PD4 A F A= 1097} 1299 mcyA DNA copy
number7} 27481924 3.1 x10'%~5.1 x 10" copies mL™’
© & pp3¢}t PD2E T} Wkt (Fig. 2).

E317) 904 mcyA DNAE F2 E8Ad g7
FollA TEEGon e A(PEY FHHoRE =2
number7} AEEAUch A7 AYs £ FAHANA 7t
7 A mcyA DNA copy number”} $7}519.00 o] % 99
o= Qs =9 HA A copy number7t F7FsHTE 9
4 o] HE] ™A mcyA DNA copy number= 3
A} Aastg oy 5] gk W= PD2 A7 PD3 A

AL 129714 mcyA DNA copy number] &A1HQ1 S71H&

gl

A

gRlstart.
2. &0 mcyA STX} &S (RNA gene expression)2|
Al- B2t Ho|

B3} oA meyA A L (RNA gene expression)
Atolo vl B2 AIZF Fot IEE e IE
F7he AEHS 7120 R AR stReYlA Azt
zpo| 7} ZAEATH(Fig. 3A). 680l meyA F-ARFe] L&

2o rlo
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Fig. 2. Spatio-temporal distribution of microcystin producgin gene (mcyA) and microcystin concentration in the surface water of the North-
Han River during January 2015~March 2016. (A) The heatmap shows log transformed copy numbers of mcyA DNA potential and Micro-
cystin concentration. Grey color squares indicate sites that were not sampled because of ice cover. (B) Line graph shows log transformed

copy number of mcyA DNA.

o] TE|7] Ao FAH (UA2)T QI3 (UA3,
UA4)olA 1.0x10" copies mL™" o]o & tt2 A9 1t
AgE) 3uf o] Ut FAH A (VA2)T} o=
W AH (UA3)E 6E7E 9U7HA] L2 2 meyA gene
expression©] i}é}ﬂ‘}iotﬁ UA2 AL 9Yof TdTFo|
8.5% 10" copies mL™" o4} F&3lo] B3} = AR A
FAFo] 7H w3t (Fig. 3B). UA2 A2 10€] 1.0
10" copies mL™'o] &3} o0 7} & A717HA] meyA
gene expression®] TE Tt o]¢} Wi 2 HHY stF74
oA mcyA gene expressionS 6ol AFAT} EHA &
5 AR IEEG oY 89| HFH stR-Y e
%7kt (Fig.
3A). 89 AHY 317492 meyA gene expression
T+ 4.3% 10" copies mL™' 02 FHH AELH T} 108) o]
Ab E=9row E35] PD2 A HolA 7.6 x 10" copies mL™' 2.

53t 9 Zﬁﬂ"ﬂ/ﬂ Aol 7MY =S8kth(Fig. 3B). 8¢

Ao A mcyA gene expression®©] 23]

jif

o]% AR 375G A mcyA gene expression H24 3]
A5 o 9YRE 50| A mcyA gene expression= gt
A=A &UTH(Fig. 3A).

A oF
B3} oA MC gA o TH3t= mceyA gene exp-
ressionZ Al - 37 Q1 2po] 7k At oem 27 A|7tol 2

AA &Aooz dds7|Hete oFd &S A7l JS
2o 2 WHFIKTE Ao A mcyA gene expression®] A] - 3
M ¥3k= MC 5% #3kel fARE 38 E4S el
2 #at olUgt 259 Dolichospermum circinale®} Micro-
cystis aeruginosa® NEZUE H3}e}l FAFSHTH (Fig. 3,
Supplementary data 1).

3. eRNAZIS T} Microcystin (MC) S Ato|e] 27|

B3t =904 E4H meyA 574 DNA copy number
2} RNA expressione G257 AZUE 9 MC 5= &
o] Ag & #A7} A8 tH(Fig. 4) (Supplementary data
1). mcyA DNAE F27F NZT =9} Blustgs o 342
O2 FYsIRAL L (r=0.22, p<0.05) oA AFZ BA
= D. circinale®} M. aeruginosa®| X A2 k2| LERTE
mcyA DNA copy number+ M. aeruginosa M| EU =} AT
Als BT (r=0.20) p<0.05 FEAA FAHCE {9
83 D. circinale®] NJZEE= O3 S Ye
YR ettt 59 MC 5%+ mcyA DNA copy number
o Aoert du FAAQ oo EASHA Attt (Fig.
4). mcyA DNA copy number®} A|ZHE Alo|o] JAE &
ot A5t mretslr] Yl M. aeruginosa®} D. circinale)



6 das| - girlE - 27 - HNE - o
(A) 0 2 4 6 8 10 (B)
10° 10° 10°%
c PD-1 PD-2 PD-3
o I 10t 0t o
g uAs | | §E " ! v
D~ — 88 10 10 100
-l 0.2
s UA2- %3
o £ — 58 .. 2
w) UA3 | 8o 10 10? 10°
@ 11 se
g | A . 10 100 10!
9 cp1|
€0 — 100 100 100 I
Yo P4 JFMAMJJASONDJFM JFMAMJJASONDJFM JFMAMJJASONDJFM
E 9 Pp3 | Month Month Month
= pD2.
e 11 108 10 108
o  PD1 PD-4 CP-1 UA-
S I 10 104 100
=l 1‘ F M A M) J A S O N D' J F M és
2015 2016 ga 10° 10° 10°
g9
5 0 2 2;’ 100 100 -
= =S
E % x 10 10" 10! H HH
S
= ® w p i1 "
2 vas [ ] JFMAMJJASONDJFM JFMAMJJASONDJFM JFMAMJJASONDJIFM
S e | Month Month Month
c =
ga UA3 | 108 108 108
g‘ B VA1 "_‘ UA-2 UA-3 UA4
3 10t 10 104
g w1 | SE
—t w
£ PD4 - | gg 10 100
= (il g3
s PD3 | | ;E" 10° 100 102
<} 292
; :Dz | VT H 10 H HH 10
D1 |
% ‘ n llm
100
? Il FM A M J J A S ON D“J F M JFMAMJJASONDJFM JFMAMJJASONDJFM JFMAMJJASONDJFM
a5 2016 Month Month Month

Fig. 3. Spatio-temporal distribution of mcyA gene expression and microcystin concentration in the surface water of the North-Han River
during January 2015~March 2016. (A) The heatmap shows log transformed gene expression of mcyA and microcystin concentration. Grey
color squares indicate sites that were not sampled because of ice cover. (B) Bar graph shows log transformed gene expression of mcyA.

0.0 1.0 20 3.0 0 1 2 3 4 0 1 2 3 4
___ T T R N B T N T B | T R TR T
N DNA *% * * Lo
0.25 0.10 0.20 0.13 022
o ” — - o
©
e ] ;?aoo:o" RNA * %K k%K *
o
o] E 0.78 0.1 0.86 0.22
=] oo o @
o
=] ] o /79 .
= > 2, Dol *%kA o
o 0p?® %0 of -
e 0.89 om [
2 o @ _ L o
= - 3 A o & o / Mic *kK
o o o
- : e ® oo 8 ° 049/,»'0 °§'.0_°_i——u—f 013 0.99
c, . i W A ; _
o o o -2
00 % - o 0o 2 o 00 2 CI—) MC ** fi, o
il ] o L[| T | e 027 feo
v ¥ / // X » C ~
i om om0 :;! - 3/ o i " = e
: ] 4 o oo o | 2 - ﬁe/,o Ce"
T 0% o = 0 o 50
oo sgllS oo % b l ¥ i j,é’gﬁg" W m
- 4 5 J g A
o a5 K 4 o o
L L T T T T LI
0o 1 2 3 4 0 2 3 00 10 20 30

Fig. 4. Chart correlation of mcyA gene copies (copies mL™"), mcyA gene expression, cyanobacterial cell density, and microcystin concen-
trations (ug L") in lake water samples. Spearman correlation coefficients (p) between two variables are shown in the boxes on the top right,
bivariate scatter plots on the bottom left, histogram of each variable on the diagonal, and significance levels are shown as stars (p <0.001%***;
p<0.01%*; p<0.05%). Doli means Dolichospermum circinale, Mic means Microcystis aeruginosa, MC means Microcystin and Cell means
Total cell density.
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Fig. 5. Relation among microcystin producing gene (mcyA), cyanobacterial cell density, and concentration of harmful materials detected in
the water column of study sites of the North Han River from January 2015 to March 2016. Cyanobacterial cell density combine M. aerugi-
nosa and D. circinale was known that producing micorcystin in study site.

M ZU=} meyA DNA E= meyA RNA7ZF 25 2hAE 2}
£ F&3}9 ) (Fig. 5). Chart correlation £43} th2 4
M. aeruginosa®} D. circinale AEZRE T2 p<0.05 +F
o]l A mcyA DNA copy number2} At o] £A5t o 2zt
Zro] B2 oA = mcyA DNA copy number?} p<0.01 2
p<0 05 oA A7 A5 (Fig. 5). MC %
= mcyA DNA copy number?} p <0.05 $Fol| A AA|

7t EAsR o A7 0.272 w9 WTh
mcyA RNA expression®} M. aeruginosa$} D. circinale A
ZUE T Abololle ARASTE =R R (r=0.57)
p<0.01 &2 SAF Fo4d0] EASIATH(Fig. 4). + &
257 RS 44 vro] BlastdlS o Bkl wEhA
mcyA RNA expressionT} AHTA = A2 24 e
o™ D, circinale AJEUE= p<0.01 =22 ALAA 7}
ZABRL Y (r=0.74) M. aeruginosa AEDZE= mcyA
RNA expression®]| tjdte] AAA=7} 0.122 of - & B
9k ofyzt BAIA 940 EASHA] A3t (Fig. 5A, C).
mcyA RNA expression?t MC7} 2% AZSH A|ZE £ 24
HEHN MC 5EL 50~2,671 ng L7'9] HYE vehiict
(Supplementary data 1). 247} A|&2] mcyA RNA expression
I MC =& Apo]9] AHatA|= chart correlation #4329 AF

TAFEY 25 22 (r=0.88) p<0.012 SAHLE
-9 f-2J5k¢ich(Fig. 5B, D).

mcyA gene expressionT} MC 5 Ato|Q] A E 2o} o
314 B4317] Y3l mcyA gene expressiondr MC 5=
s 42E 2009 A2 S RS AsE A

Z (Random sampling)3t A3} 67]9] F2H¢ 222 A3}
S o159l SAPIAL AEeTHFig 6. 6 T4
FEO| AASE 0.938~0.9890F 1j$ =9tow wE= oF

(positive)&] HFBAAL vehilct. 671) ST
£ A3t =59 mceyA gene expressions 7|HEOE 4
Z3 MC (cMC: calculated MC)9] == AA| &A% MC
(aMC: analyzed MC)9] SRt} =7 AAE At (Fig. 7).
670e) ALHAE o}83io] AR MCe] BT FEE
185~359 ng L™ 912 cMCO %% aMC 5= o]
—119~55ng L #9124 20 o4ge] 2 Hjol7t EA5He
th(Fig. 7). 19 3 AAE AlLlsta 2H~61 4] cMC
TEE aMCHEY Hoton 1H 349 cMCS tii-&
aMCHth 2|2 158 o4 E3tth WA 24 FollAl 61
3]7419] cMCo] aMC®} 7HE frAkstEou T AlLbe
A= AS FrET A AL ITHFig. 7).
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Fig. 6. Relationship between RNA gene expression and microcystin concentration. All plot that composed each regression curve has ran-

dom sampling from analyzed data in surface water.
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Fig. 7. Range of differences for calculated microcystin using re-
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calculated.

xF
e AN FEES Aste Az dxet 53
270) %5 Aololi G4 4] ABUA} ZAGA Ak
on FHEEY FF B 92T 7ol WA FAF
ol f-oJAo] A= =24 Vet (Trapp and Croteau, 2001;
Smith et al., 2008; Westrick et al., 2010; Srinivasan and
Sorial, 2011). ¥ AFANXNZ D. circinale®} M. aeruginosa
247t zdes AZzds & FEo AoA 7 2
2 Ao2 RIEGE=T, ol "I A EAst= D.
circinale$t M. aeruginosa 5= Atolol 531 w54 +
3 (strain)7} EFE o] EXst= I A2 BETh
MCE &t F2FE meyA 82 282 (operon) 9]
S| WA wEhA =4 straind} B4 straino 2 T
28 4 e, =4 strain Woll= MC 4= 9] zto)7h
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Eldth(Neilan et al., 1997; Kaebernick et al., 2001; Tillett
et al., 2001). 5% AT-E B} B3} ol vl A7)
o B85 M. aeruginosa AE+= 27 A1} v]=A] strain
o8 FEESeH 53} oA 23t D. circinale
A meyA FRAATF 24 A2 FIETHNIER, 2014;
Kim et al., 2018a). & AFNAE FAH +H(UA2)T &
g7} 317 (PD3) |-\ A D. circinale®] NEB=7}F 553k
< 1 MC 5%% 800~2,000ng L™' o]4ko 2 & =9k
A5k, 94T W UA3 AF2 D. circinale N|ZQ =7} 5,000
cells mL™' o] FZF3IgLo= £85I MC HE+= 200
ng L7 o3& ¢ Wgpct = Tl oH(PD1) 2| oA
= M. aeruginosa AJZLE7} 20,000 cells mL™' o]4o =
FE3HGA T MC 55= 400ng L'o] A& i) watbA
H31} A9 EA5= M. aeruginosa®} D. circinale= =
A3} B)=A] strain®] 2A5}H =A] D. circinale strain SH]|
Al MC A4t o] A2 ot g F 7Y straino] EA 3ot &
o

IARAS B9l =29 /1Y AR A4 FollA 3T
69 3AA1L RNA Hd%FT MC & Alolo] E&HA7}
W3 T 23l Alo| 9] FHALTE0.97 oF e 2 vl EShT
SHARE o] 3t 3] H2AE o]-83}] mcyA gene expressionTF
= MC &2 Mt ) MC 5k g5 A4 &
H st Ha 2uj~Fd 1008 oY #A UEhkth o
U 02 RNA @2 dhld oz 2P o= o]ofx]
02 RNA 437 thilg] s Abolofl= AFBAE JA4Tt
t}(Ngwa et al., 2014; Dong et al., 2016). £ AL A mcyA
RNA H3ZHS 7|wto 2 AAtE cMCH aMC 5x29 #
ZH= 100ng L7 o] EA3Hch of2id Bzt Bk
2 712 4l F a3 AU o3t Aok A ¥A, meyA
RNA &3S B4317] Y3t JA A (Reverse transcript) I
o] Y¢loz Ak th(Pacheco et al., 2016). GAA}L 113
oAl cDNAE RNAE F (template) 22 FAE= DNA
Jtere eljahe] Bad i AEE BAT 0 22 94
3t} (Meis and Khanna, 2009). 3}-R]9F @715 RNA A
°|57F DNAR A== ZPFolA R Alolol &5t
+ 2+ copy number®] 2}o]7} PCR 5% oA Bl L
7Fe 4= qlom o2 QI3 Tl sr=of RNA HEFS 5
gt d&gho] HhitEE 7HsAdo] e & A= wotEr
(Kim ez al., 2013). = A, $52] Aagrof wehA Al
3 YJoA E MC= A2 fo] A=A g, of
i AZ greg 550 £59 MC 558 F7HKXIH
(Kuzuyama, 2002; Seravalli et al., 2003; Monchamp et al.,
2014; Pimentel and Giani, 2014). ©]|Z 213} A UFo =
Aol gl MCY T2 =59 8&5H] 3= MCY &

ot RelldxF B 9
L Apojof & Zpol7} AT 4= glom AlE WHO A
MC s=7} v @A G412 5= U} oli= mcyA RNA @
& 7Hte 2 AikE cMC 5= £50) 2R3k aMC %
= o] o]oid 4 9lrk

eRNA 7]5Ee] FxEa FA% S-S Al YR &
SR MC B4 Ate] 9IS HRH e BAslel A
I YFolA dEHE MCO 5= HIE Hofd 4= 3l
 o]F F3l FFolA MCY =7 F53817] Aol MC
¥ 3718 3T 4 Uk o) gy 720 yRsa
(cyanotoxin)7} AR E7] A= HEL central dogma
A o2 DNAYJA RNAZ S AAf(Transcription)7} ¥E=
Al A "ot ek 59 MC %7} $71517] ©|
Zof| RE=A] RNAZE S7F6HA| =, o] & o|&3tthd %
o MC7} 23] 4, B 9 27]0] o] BAE 4 9]
. ol ool AR (carly waming) A EZH F
B3} 74x7}F 9lem Microcystin®] =9t 34 2774 HA)
o 293 80| T 4 Y Ao VD Ed RNA
£ 84S 7 AlZoA T2 B EY, 53] AlZE g
Ao A 16S rRNA (16S ribosomal RNA) 2 rbcL (Ribulose
bisphosphate carboxylase large chain)¥} 22 3192719 &
A} (Housekeeping gene)7} 2HAY3tc} o]2|3t 16S rRNA
£ Btk AL 5o EAsty SdstA AZ24st
= 925 AEZE gt o2 B A3t fadx
% w8 mUEY WS AFE 4 Aok olele eDNAS}
eRNA 7]5te] S G2} primer2] A7 of whabA] o
¢ o 24 QAR SeldERel WA Hud
(Specific)©]X E3&4 (Universa) 22 EAE 4= glon
dod B SHA vl Fa3 BEE AlFske ARE
W 380 B4 5 AL Ao BoEn,

¥ 2

FYo|A 71 Wol HEE+= Microcystin (MC)
£ e st MC AR FAA (mcyA gene), 27

MC 5= Afo]9] BAE #4530 RNA-MC it
g EE3t EE2F AlE W 243k MC 558 953t
Sk 53 FeolA meyA fAAE FAH A7 olF &
g} B AN 2 YA HHHoE tE A
Rt £2 copy numberZt WAEITE BEF AR <o
3 99 B, FAH AR NA meyA F-8A} copy number
7t F7tR o™ 99 o|% B3} = AA oA meyA £
Z} copy number+ ZHASHATE meyA gene expression= A
Fot sk =99 Al-FHA Aol7t EAst e AEH
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2 A7]o AE5AH o2 WHFIATE meyA gene expression
FE& MC 5o Aol wie w5 #9 otyz MC
< AEAstE A2 A Microcystis aeruginosa$}
Dolichospermum circinale®] AZREE FAZHOZ 59
3k Ak o] 2451t RNA-MC A S 74t 2 =25
6719] B BAIA folAde HolH (p<0.05) 0.9 o4
9] & ABAT (NE HEHH eRNA| EA5t= MC A
T A EEEE a5 Hx2sa B e wdbt
I FRRY] B A wEA AFste] MC 2 2717
Hoj| 383] &8 ¢ s Ao s wodrh

MAFEE 73] (AFHeta A5 aE et st FHde]
SACVE S&AT I, AT (AT 45y
shtjet FHA A N st ATIS), 2R (AT
st AR A7), ANE EFYIEAAEA LR o
HEATA APABATY A7), F2A (Aot
a4 RART 25)

MEAZI0E g2 433, 2, g 413, A=
Al BAE, 284, dHE, A 433, 9
EUAE, 2@, <A, A FeA, dE 25
ZFed

O[sHEHA| & A7+ olsjuA L F& A7} YlEHth
HAH| o] =52 20213 e A=rfetu ] A7dnd A
Yol st} A= 35
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Supplementary data 1. Spatio-temporal fluctuation of major cyanobacteria (M. aeruginosa and D. circinale) that known to microcystin
producer and concentration of microcystin at the study sites of the North Han River between February 2015 and March 20.



