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Abstract; The lakes in eastern China have been heavily affected by cyanobacterial blooms. Monitoring the toxic
algae species and concentrations of their corresponding toxic metabolites are pre-requirement for water quality

management. However, traditional morphological methods are limited in the identification of the potential trend of
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algae producing toxins and odorants. To comprehensively assess the risk of toxic metabolites of algae in Lake Tai,
the real-time quantitative polymerase chain reaction (qPCR) assays were developed for quantifying potentially toxi-
genic Microcystis, cylindrospermopsin-producing and 2-methylisoborneol (2-MIB)-synthesis cyanobacteria. Fur-
thermore, the concentrations of corresponding toxins were measured by enzyme-linked immuno-sorbent assay and
gas chromatography-mass spectrometry method. The results showed statistically significant correlations between the
levels of toxigenic genes and the concentrations of corresponding toxins in Lake Tai. The low ratio of the gene
copies from toxic Microcystis to that from total Microcystis showed that the high abundance of Microcystis strains
weren’ t potential to produce toxins. However, most of Cylindrospermopsis cells were potentially toxigenic as
showed by the data. It is indicated that the copy numbers of toxin producing genes are accurate enough to diagnose
the presence of harmful cyanobacteria and the potential presence of cyanotoxins in Lake Tai. Significant differences
in the temporal and spatial distribution of toxigenic genes were observed for different types of toxic algae. The
gene copies of toxigenic Microcystis reached the peak in the west of Lake Tai and showed higher abundance in
September, while the copies of cylindrospermopsin-producing gene and 2-MIB synthesis gene of cyanobacteria re-
mained high in the middle and east of Lake Tai and reached peaks in July and August. The risk of 2-MIB in drink-
ing water sources of Lake Tai was significantly higher than that of microcystin and cylindrospermopsin. In conclu-
sion, molecular biological monitoring and assessment can provide important powerful tools for cyanobacteria early
warning and management.

Keywords: cyanotoxin; odor compound; Lake Tai; Microcystis; cylindrospermopsin; gPCR

B SO TR A B KB B EMA nl o o B R RERE AN B RERE T B, A

KA JEAIRYEIREE R, K 5 HH A%
EHE R AILGKOKIEZ —, FiEERET 52
MR J A B AR AR IR, 38 2K A 5 R M 3 3
=, AR TR ESA Y F B R B A ) 2 R
BT R RS MY BB SRR K
o ISR KR OR AR B, T RS T 2
FhEA 7= A2 B R M MUK ) o 2 AR A Y e
FhCY 5 G . 3% 5 8 (Microcystis spp.) i 48 3 ( Cylin-
drospermosis spp.) 55 , 23 ;7 H: {9 3 7% & (microcys-
tin, MC) A3 5 & (cylindrospermopsin, CYN)FlilG
17 % (saxitoxin, STX)% ; A 2 ¥ (Anabaena spp.).
B A1 [ 98 (Pseudanabaena spp.) 5423774 4 1 % (geos-
min) . 2-H FE 55 % 5 (2 -methylisoborneol, 2-MIB) %% I
CRPIIBT, SR KR i A AE 3 25 3 R 5 LR W) T
B, B8 T SR K R 22 4 A0 PR R ZK B K B2 77
SO, DRI MG 7 R AR K S ) T i 1) o 2 U8

IR TR [ 52 8 W /K A % e 7K JBi 42 4 i) it
TR LI R ] 0 28 % 3 i) EE B e e
M A K B T T AF > I 2R A2 W K AR 1Y
SO, SRy TR RS BRI K SRR T R X
P2 R W ) R R A S I R ez
DM SER 1 fifk M b i e e IR B s By, 2R
MV Z AL G o AT BFgE4E H Ta] — e A i e

AAL I [ B A2 AEC ), BB S 2% LGk IX 43,
PR G B ) W e R S B e

FLTF DNA 45T K00 32 S P05 A 40 Wi D0 4
BE TR HE R B . A 50T e At s
(U 3 . O BE B AR ), S 36 i € B PCR(qPCR)H;
AR SR ARN A 4 HLRE) 12 328 F A A= 9 Wl
e, i L — A5 F (primer) MR £ (probe) , 15 LA
PR T 24 S GRS GE ) S e AR B (O )
PRI, T AR B 1 9 7 A i 2K i R S WRBR ) 5 11 1 Ak
R, o AE R REYEFL I, DL qPCR HRidiE
SRR BT A R /MR W) I RE ) 1 i
Bkt AT K A b AR A A AR AR
o IR S AL G2 5 Bk (R & 1 ELISA 15 S MUK
Z ) SPME-GC-MS )5 qPCR & & R4 14 &4
AT R S R AN R R Y
FHSEHE | R4 v 3 000 i sk 7 o T o Al
LG A T ik Bl S, ke i JCI TR X ke
Fofr L B T3 1] PR M SH0 s o 2 5 7 A i 2 ML
YA,

RUEAYF W AR B 2 U8 K R | inapfs
HR T KA SR B B R s Pk, fEad &
20 4R [E], VRIS AR qPCR 42K E 2 77 3
F= BB X B, #E 7= MC %K 5 i, qPCR 143



46 1

JEF A SO E i PCR HARTE A i 38 M IR o 1) B2 15

Mras i 5 MC A R AR FH OGS 76 7= CYN L[
J7 T, TNV 2 W58 #ZE FILH qPCR SR A8 it 77 3 4
L A B0 AR P2 2-MIB JE K 7 i, LA qPCR
JE ™ 2-MIB 3 K G BIF 5% A0 X 58 0B AR BIE 5
HACK N LT gPCR AR PR 4 F I H R
AYM RS TR SR T PR TR R A R P 2-MIB A [H]
Fsf >R FH it BX 4 9% 75 (enzyme-linked immuno-sorbent
assay, ELISA)/3Hr MC Fll CYN iX 2 i K | IS
AR - T 1% 15 FH v (GC-MS) 23 BT LBk ¥ Ji 2-MIB.,
2019 4F 7—12 H PR s Wil , g ~r R A £ fkok
T b P AH SR I, LA 52 Fsf 2 418 SR K A v g 2k
B 28 M LAY BT ) W AE XU, , B4 4 i 435 R s
SRAERETR] LA ST R S R B S B R S
ASFRIT A KR A AR PR

1 ##l57 % (Materials and methods)
1.1 FER RS

HRHEVL IR A8 P58 W rh OB 0 T8 4 X K S5 1
DA IAT AL T RAE  SRAE S 45 53 A T 4 W)
BAE(E 1), S 24 SRR R B Y K
PRI, RAE SOKIRERAE 2 m A2 47, RFEGR B <0.5
m, HFREESES,EFEEREER, I THA
[ 21 i B RO e A, 2019 4 7—12 A B A
KR TR, Hrh 8 A K 9 A RIIKARL: K38, A it
X2 A HEAMEI—UCRHE 2 8 YCRIE

o MR
Meiliang Lake

ZUBI o
ZhushanBay #il

Tuo Mountain

1.2 DNA #EHUR

A AR IR A A1 L RE 19 H Y, 7E DNA
FEIHTAI B 5 SR e BE R . 4% 10 mL A i R
£ 022 pm PBERRAEEAUS , ST 1.5 mL A E.O
B e TEOE R IA 400 pL 28 v, AR
% #%(SI-G560, Vortex-Gene 2, Scientific Industries , 3¢
)% 10 min, 7€ 65 C IR T [ i 10 min 5 , 7]
FFUAEST DNA $2H0, DNA (%3 BN % FH A 4 HE A
ZH DNA 42 BUf# A 45 44 (DNA-0301, Plant Genomic
DNA Extraction Mini Kit, £ HE = YR A R A &,
Hr ), e B 100 wL 9 DNA $REUR
1.3 gPCR EEZRS

I 52 B 5 1 58 A W 4% X W (QPCR) (CFX
Connect, Real-Time PCR Detection System, BIO-
RAD, EE)# 1T B AR HE R 1Y€ #5341, qPCR #4E
FAFHPELL 95 CHUSE N 300 s, Z 5 FFIRHATIE
AR, SR AE AL 4E 95 °C AR 10 5,60 °C
THEE 20 s, AR EE 40 MG, I T ARG R
SEHERAFIA 519 nm PR EE(E, AWFIE R
FHY et 5L R S 5 3 2 e hn il , 2 1] Chiu 7%
PIRIFFE T % WA B 7 B T i TR 7 B A i 2
PIAIRE 2-MIB JE R, L1 10 4% )7 51) i B LA 4% 1R
Frke, ME R 1 Fos
1.4 BEERHFRWE RS

K FHR b Al e UK S e 22 21 (ELISA Kit)(fk

N

°B)7R/K) " Xidong water works

JOEERE3 TR 3 km south of Shazhe

o VHIETS o wIE
South of Shazhe  Jinshu Port

o K H
Dapu Kou

o 221 o P&

Lan Mountain  Pingtai Mountain

(o]
Jiao Mountain o & ff 111§ Turtle Mountain
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O%mlt\og?ﬁu Sigian

Xu Lak
o KEIW o BTG e
Dalei Mountain ~ Xishan Mountain
s
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W il itts
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/MG Y n i Port
(o]
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Fig. 1 Distribution map of routine monitoring points in Lake Tai
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PP EE PN 520012 A 78 8 5 PN 522011, Abraix
LLC, &)™), 2 A2 21 BT B 0 b o VL B2 )7 64T
AT, HZ AL 50 652 B A (Multiskan FC, Thermo
Scientific, 2% %) 450 nm # K T HAFWOLE, 4
bR 26 Rl HERUAS MC F CYN B, RES A
I, SE DA R RE B OR S 7 S AL 3, 1 FH W
AAEPGE ARG 7=, o IR B r e YIRS 24 50k
I S A P S 0 9 o 2R o8 A BR BRI T PR
022 pwm JEARIE U8, 2 BR AR v 20 i 5% % S R T
Y, U TR S253 T .
1.5 WLBRZE A& 50T

Z 8 Lin 2497545, T 50 mL AR S im A
15 g AL, DL & AH f90 % B (solid phase micro-
extraction, SPME) T 65 °C fHiE /K& T W 30 min,

W5 KA v MELIA A7) SRR R 0 BT 48 I, T GC-MS
(6890/5973 ,“ZHEA, 32 ), W Wz B 5 5 1y Wz BfS 43
A GC-MS, E =R &K
1.6 AT RAEUE 5 B 45

Iy BB i 5 45 461 (quality control) HELYE 4
2 i, BN HT R 15 32 B BR BT 3 T4
1.7 SEitsr#r

FIHH SPSS 17.0 GEit4(IBM, 2 [F) ET X 1% 58
I3HTE S qPCR A (9 25 S k47 e vk 10 4347, [H]
k2 () TR L [T 7E 95% B 15 /K T A 15
WX )=
1 (x —x)
ry (n-1)s M
oy BRI AT HE R y 185 4,00 95%

b, s [1+

®1 SWAERNELEE

Table 1 Concentration range for each analytical method
UUREREn
A Hra H BAfT Measurement range xRS
Analytical targets Unit /ME RAH Analytical method
Minimum  Maximum
T R BERE A
Microcystin-producing gene of Microcystis
£ PR A BEE A
) ) ) ) ) copy-mL™! 25 2.5x107 qPCR
Gene Cylindrospermopsin-producing gene of Cylindrospermosis
7 2-MIB £ 4
2-MIB synthesis gene
#HHR ¥ 42 7% F (MC) Microcystins (MC) 0.15 5
. N pg L™ ELISA
Toxins #7635 8 % (CYN) Cylindrospermopsin (CYN) 0.05 2
ML) fi 2-HISL 5 R (2-MIB) 1
. ng-L~ 5 200 GC-MS
Odorant 2-methylisoborneol (2-MIB)
®2 HRREEFNE
Table 2 Quality control for sample measurement
S Hr i A =H 0 wm GV
Analytical targets Blank Check Addition Replicates
P A
Microcystin-producing gene of Microcystis
B X Ct <1 CtfE<1
PR AL L A RPD<30%
Gene Ct value<l Ct value<l
Cylindrospermopsin-producing gene of Cylindrospermosis
, Rttt
7= 2-MIB £ [H 2-MIB synthesis gene
) Not detected
HE S % (MC) Microcystins (MC) HIX S A .
o
Toxins M35 E (CYN) Cylindrospermopsin (CYN) (RPD)<20%
) RPD<20%
MR 2-H 3L 5 KB (2-MIB) Relative percentage
Odorant 2-methylisoborneol (2-MIB) difference (RPD)<20%
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BAEAKFECUR) NI t{H;n-2 B ME ;s K y i
PRIEAR 25 s n ARG E X O x Sl 348 1T s, U]
Hx SRR EIR 225 7 0 95% B /K ECURB)N x
XA

I B IR b AH 5 Z2 % y (Pearson’ s Correlation
Coefficient) 73 Hr & A I 2K 85 R | RLBR ) o 1) AH G
P, MAKRRECH 03 LUFEEAIEAHSE,03 ~0.7 4
REERSE,0.7 DL B A ARG,

2 Z55 (Results)
2.1 K p I AR (R B 25 43 A
2.2.1  EEREE N M 4

R T I B AL PR () 4 DRI Ll 55 ~2.48
x10" copy-mL™", SFIJ{H K 7.83%10° copy-mL~" , 7=
B OREBESE R HLA B 0 B 25 AR R, B (R L
FERE AR IS N R AE 7.8 H AW 1,9 H ik
SRS E , 10—12 %W PR 2(a)), &0 E, ™
BEURE R S P A v, A AR IR 2 1 5 ] 43
AR, A AP A 0 22 1L 7 H P B
FEREFEDI B ¥ DL KA S 2.48 %107 copy -mL ™", JbHF
MIMGARVETE 9 H FA) By s i e e L A 48 DL ik
F] 1.24%107 copy-mL™"(% 3),

TR 7= EE A 76 35 5 PR A 4 DL T ND ~ 1.96 %
10° copy-mL™" ,SEIJE A 2.99%10* copy-mL ™", B i
T e e 5 R AL R, ) ™ B AT 6L e A 7R
7.8 HikF R EE,90—12 AZH FR(E 2(b)), &
e 3 35 R R A 7 3 PR A AR R B ) 43 A
KA, PR A A e AL PR R A 3 L PR ) LA L Ry
4.1% ~100% ,F-YIME K 88.9% , 5 HA 46 K L KkE 1
WA AT RER AR, PR B R X
PRI A 22 5, AU 2R 30 1 7 1 i TR A o D0 B
i, WA AR AR B L WO FE 7T—11 A i &R
FE DR B+ DL T 3.98 %10 copy - mL ™' (& 4), BH
b e T A A

K= 2-MIB & H B/~ F ND ~2.11x10°
copy -mL™" Z [A], P Ol 1.52%10° copy -mL™",
Hk e 7.8 H A RRE R KT ,9 H I AW T 1%
(F 2(c)), ZSME] b, ZREBCUHAR G X)) 7 2-MIB J
PRI B e ey, Fh 7 ) AR e i v 1™ 2-MIB. B[]
WeBE B e, 8 H A UR VG U AV B AR B 4.19 x10°
copy-mL™' (& 5),
2.2.2  JEBERER WLIRY) YN A o3 A

MC KR 0 Wy 4.1 wg - L7 i

VB BLAE 9 A T ) AR A BT S 5 #
67447 pg-L™", AN SR EHMET 10 pg-L7',
MC 7= B ol 28 i 5 DR EL A AL I 5] 25 43 A R AIE
BffE] b, MC 76 9 A L A) s Bl Sl Z 5 B8 T
., 251, MC B Y (E o 2 B DAPE IX U7
JeE B oAk R, Horb 9 A BRI 6 AN REENL
S MC R S TR DA AR AR ng.
| R W VA Rl N8 7L 7 o N 7 R 3P i B
FE B, ik E 753 pg-LAN622 pg-L7',

CYN 7E KWK B A ND ~ 1.5 pg L7 F
PIWRE R 02 pg L', M= M EILH, CYN
BEi# B IR] AR AR IS 7 T—9 A E R &, 2 )5 1%
BT RE(E 2(b)), CYN ™ 760 35 J5E A 114 25 1) 43
A SR AR ARL(ET 4, 2 3B R peg 3 0 v B2 W B v 1
by X8k, Herp i B PR L PSR L 3 S A TE 8
H R RIAG H v BE D e, 43 Ak #) 1.50 1,17 i1 1.02
ng L7,

Kt 2-MIB B [ 38 A4 B3 LA ND ~
11228 ng-L™" ¥k EE R 412 ng-L™', 2-MIB M
WAy J0 R e PRI e B o [) 1 0 A — 350, 3946 8 H ik
FWEAH , ZJ5 BT T FE(E 2(c)). 2-MIB 1E R A &
U HAR ) R B3 5, 03 4h 7—9 A A K IAL
A LT R S T o Ay HH A e TR B 1Y 2-MIB(#] 5)
2.2 KR B 2k R T A

PERE A AL R 5 MC R A P AR A e
R IRIMH I BBy M 0572 (P<0.01 ;18 6(a)), Hirh A
95.5% HYEHE 2 V& AE 95% By T X (6] P, R4
PEREFEALEE L N CYN MR B AR A O, Hol R
AR y S 0.504 (P<0.01; & 6(b)), HhA
94 8% AR 2 V% 7E 95% 1Y T [X & 4, M 7E 2-
MIB J5 [, 7 2-MIB £ H 5 2-MIB ¥ i A H B 3] 5
JFE B AR S, H R IR OC R EL y  0.652 (P<0.01;
Kl 6(c)), HH A 97 2% AR 23 ¥ 78 95% Fy it X
[ PN o FRAH M A8 R A5 1 AH OG0 nT ) &2
P 35 R e 32 ) D o 2 R 2R B LR ) o vk BE 1Y 3
2.3 KMAHE 5 Y BB R P 2

SN S pH 2 B E IEAE, SR SR
WA UEOC PP RE U B MC S R A 2
FAIG , ATR E 3 [R A S B R RN R )
FHSEHE (RS R R BN pH B3 IR OE,
L SR B A OC, 7 2-MIB 5 KRR bR 4 S5
YIRS IRE B EIEAHXEE3),
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Fig. 2 Concentration distribution of cyanobacteria gene, toxins and

odorants in different months
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(a) y=-0.287+0.0936x R*=0.327 (b) y=-0.0193+0.0411x R>=0.254
® 7] July 95% X [ 0.6 @7 July 959 5t X [
® 8/ -fJ Early August 95% prediction .gg %:S% E:{ly A/?lugutst ---- 95% prediction
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0.5F
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Total MC concentration (log,, (y+1))

RRHMEE R AL =0.572 (P<0.01)
Pearson correlation =0.572 (P<0.01)
055 3 4 5 6 7 8 9
FERERERE R (log, (x+1))
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. R,
o Mo £V, _
’,r&a&,_- i
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Fig. 6 Correlation analysis of genes and metabolites of cyanobacteria in Lake Tai

Note: (a) N=177; (b) N=100; (c) N=108; the units of genes were copy-mL™', the units of concentrations of MC

and CYN were wg-L™", the units of 2-MIB concentrations were ng-L™".
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Table 3 Correlation between cyanobacteria genes/toxins/odorants and environmental factors

Temperature pH Dissolved oxygen Electrical conductivity

mcy 0.072 0222%* -0.051 -0.162*
t-mcy 0.037 0.168* -0.178* -0.085
cyl 0.078 0.004 -0.025 0.036
cyn 0.088 -0.008 0.021 0.040
2-mib 0233%* 0.097 -0.017 -0.020

MC 0.054 -0235%* —0457%* -0.228**
CYN 0.388%* * 0353%* -0.108 -0.178*
2-MIB 0336** 0.135 -0.054 -0.091

T s mey 9 RISBEEIEN | mey JFE TR BEREIN | oyl AR RIE LN, cyn R PR RERE AR SE N, 2-mib 977 2-MIB 2 [H  MC M3 E 2%,
CYN JJH: i K ,2-MIB by 2-F B 57 R BENRBR ) 5 5 * 36 B35 M 56 (P<0.05) , * * 7 i 3 AH 5G(P<0.01),

Note: mcy represents copy number of the total Microcystis gene; t-mcy represents copy number of toxic gene of Microcystis; cyl represents copy number

of the total Cylindrospermosis gene; cyn represents copy number of toxic gene of Cylindrospermosis; 2-mib represents copy number of 2-MIB synthesis

gene; MC represents concentration of microcystic toxins; CYN represents concentration of cylindrospermopsins; 2-MIB represents concentration of 2-

MIB; * means significant correlation (P<0.05), * * means significant correlation (P<0.01).
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