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WEBEESETE (extreme gradient boosting, XGBoost) FIFAHIARM (random forest, RF) #5257 2] —4p AR DL K 2 04k PEZ B[R]
VAW R W], AR 5E ISR (TSD B RIZIEMIG, RUIKMEEIRKT R RAE K PERA: 2 7k o A0
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Distribution patterns and environmental drivers of Cylindrospermopsis raciborskii in reservoirs
of Guangdong Province during the dry season based on real-time quantitative PCR*
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Abstract: Abstract: Cylindrospermopsis raciborskii is a common bloom-forming cyanobacterium. After Microcystis, it has
become a genus of global concern and is undergoing rapid population expansion in southern China. To investigate its distribution
patterns and driving factors in this region, we conducted field surveys in 100 reservoirs across seven river basins in Guangdong
Province during the dry season. We quantified the abundance of C. raciborskii using real-time quantitative PCR targeting the
rpoCl gene. The results showed that C. raciborskii was present in all samples, with abundances ranging from 4.98x10* to
4.23x10% cells/L. Abundance varied by up to four orders of magnitude among reservoirs, indicating substantial spatial
heterogeneity in population size. Principal component analysis identified nitrogen, phosphorus, and water temperature as the

dominant environmental factors driving spatial differences among reservoirs in Guangdong’s river basins. At the basin scale, the
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mean abundance of C. raciborskii in the Pearl River Delta and western Guangdong coastal river basins was significantly higher
than that in the Xijiang, Hanjiang, and Beijiang basins. These two basins experienced the most severe blooms, with intense bloom
events observed in 10 reservoirs. According to the Australian cyanobacterial bloom risk classification system based on C.
raciborskii abundance, 53% of the surveyed reservoirs were at low risk, while 23% reached Alert Level 2. Two binary
classification machine learning models, namely Extreme Gradient Boosting (XGBoost) and Random Forest (RF), combined with
multiple linear stepwise regression analysis, confirmed a significant positive correlation between C. raciborskii abundance and
trophic state index (TSI). These findings suggest that eutrophication level is the key factor governing the spatial variation of C.
raciborskii abundance in reservoirs of Guangdong Province.
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i IR H38  (Cylindrospermopsis raciborskii, TEIFRAUFEEE, WA AT KRILE Raphidiopsis
raciborskii) NN R PG RFEMERE TR, 7RI 200 20 4R, H VSR P RO Y oG vE H 2R
—RAEAPGEFIS, PHAEC) T Z Y K EIME R Fas. RS B SRR XK, X AR RS
HA& 23, R R A AR 2 PR 2 B 7T, WA 5 3 (cylindrospermopsin, CYND,
FEIaEE R (Saxitoxin, STX) , DL —SERANNH Y, PCRE L K SR 00 R A 2 7™ B R 7K T 22 42
Hfe T N AR,

KEF AR, S5 &S 1A 0] B M JUTE AR PO 5 1) FE A2 122388 B 3 IV 458 B PRI i
g, TR LRSS, TR NHa-N, NOs-N FIGMLEEL M RIE, XA B m s m 7 B
IR WU CUIE BB IREE, SR 23 1 A 3 A A R AT DU 8 R B S P SR 55 A, TR B IE 2% 1
TR TE KBS EA AR IR TR 5 O A M X 02 o e AR DA AR ()t S T, o 4R 3
R S ARG M I — KRR RS

PAABECAERERT &R W, Mg, =/, Widb. 838 Wi, LR, S m K E R E
(610, fH HAYFE W AR IR R R R B W T s RITT R T R A8 R K EE A Ve B AR A R R T 2 R AR K
O FET AT ARE T RERTHE TRV, R 200 X R A B B ni&ss, 2010 4
BN 308 66.67%(13], 20112012 SEAEARFE KR S h_ETF 2 74.4%0, 2015 425 B f e 72
46 JEFK ZERE S A Y 260 100%1, B JS 2T 2018 AR A 2022 FBkHE T 7K BE 1) R & Hm i — P AfiA i
(i AR et iR B, IR, EBRAE. EE. RIS (TSD SHE T REEFM
T 2R 48 7K R UM 0 35 P = FE AR 35 8. 13-151,

T W SO IR T AR 8 /K R IR R AR RS RN 52 i R T34 T T WP AR, B T IR K R B4R
T RSE. BRIEEFERIT = My BEE 1), JRE A 7 A28 K 2 R AR 9 0 a1 A 2 1 ) 738 i — 20 1)
o FRATT BT BARIE 70 A BRAUAE FOBEAE A R RSB TE IS U3, R SR BAEA KR E & R A G
) 100 JE K PEBEAT RAE, SR SEI 266 E & PCR (qPCR) HASRAMAE B EIY, i RE
PIREFEE M ZS () 0 A RRAE , 45 A AIBAR IR IE, B ARAKIRE I S s E X R,
T 2R AR N B /K AR 42 ) SR AL B S

1 MR57E

1.1 RESMHIESHEMRRE

I AR M AL G- (20°137 ~ 25°317 N Al 109°39' ~ 117°19' E) , AWFRFTIR/KERE R RE 4
B, W ARIHEE (13 ) RILHIE (15 ) . PEVLAsL (13 HE)  BRYL =AW (20 ) . By
W (12 BE) . BRI (9 ) KE AR (18 BB HIRIEIL 100 BEAKEE (B D

KAFE I E ALK BRI, LR 100 MESE . SRAET 2024 SFAZKIA (10 H—RE3 ) 3 A
BT, £ 10 RN SERT T K IERIRAE. H 5 L AN RK S RELKERNSEE (05m) K
FE, Aia RS, K 1L HTEAIEFRIE, 5358 1L KFEE 200mL A 0.45 1 m FLAZ SERE I 8l R
FEYIHL T DNA $25L.
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Fig.1 Location of 100 reservoirs in Guangdong province

1.2 BUEFHNE

. pH FIARRSE (DO) S548br R A 2 Thae /KM {4 (YSD BUglse, #EME (SD) %K
#47% (Secchi depth disk, SDD) #ATHUZME. H% (TN) . S (TP) . &&E (NHs-N) , JE Tk
3l GOKBU BERNE Bt ;ILE&%EH/%%@‘%E%QJ‘Q%F/{:>> (GB 11894-89) (/KB SBERIME FHMR
B oy 6 REEY (GB 11893-89) Fll (/KT S A MM 44 I be (vl 2 8225 1) (DZ/T 0064.57-93) ,
M4t & a (Chla) WERARZHEM~NENRTE, L0 tETNEle, SR REKENZR AT
HOKPE RIS FRREIRE(TSDI), TSI<30 NEE FEA, TSI=30-50 NP E A, TSI>50 AEEH. TSI it
N/

TSI(Y) = Z W, X TSI(j) (1)
=

X TSI (2D NEEIFRMUIRE: Wi N5 j S EUE TSR B s TSI () AR j M2
g FRRE B

B H BRSO
TSI(Chl.a) = 10%(2.46+In(Chl.a)/In(2.5)) ©)
TSITN) = 10%(2.46+(1.912-1.349+In(TN))/In(2.5)) 3)
TSI(TP)=10%(2.46+(3.497+0.654+In(TP))/In(2.5)) @)
TSI(SD)=10%(2.46+(1.912-1.349+In(SD))/In(2.5)) )

H: Chla BAH pg/L, SD BAH ms HALFEFR ALY mg/L. Chlaw TN, TP F1 SD g FRREHE
B R > B 1/2.96. 0.6/2.96. 0.66/2.96 Fi10.7/2.96.
1.3 E[FE4H DNA $2E

ELR2H DNA R & (LR E S BAHE ARG RAR) $EH, KU EH san i r s e, o
N\ 500 pL 7 B LR, I FH 40 ML 44X (Fastprep 24-5G) S B ZLAR AN, b6 5 12 18 3% B 15 34E4T DNA
ISR, A2 DNA 726 E 7 PCR 7M1 Hi & T-20°CUKFE - 17
1.4 SERTRHEE PCR

SFH Lei 008 7 [RSERT 5796 & & PCR (qPCR) 7 iRl E B IR AR R R R B, %0 R4t %)
BUAE L mpoCl N (RNA B ABF P E 1) KR ES WX (CYLF: 5-
AACGGGTTCGTCATAGAGGTA-3'Hl CYL-R: 5-GGCTACAGGTGCTGCTAACTT-3") HI4F &} [5(FAM)-
TAACAGAATCACGAGTTCGCCGCC-(BHQ1)3]. bRtk i N EE#K QDH7 I E: K 2H DNAUSY, i F 4% ) DNA



AR IR ST, rpoC1 4 IR 1)/ [ #% DL 6] B Ce AR IR () b e i 2, SRAF-SE BRI 445 DL 4 Ce Bt
Ji TR, ARYE K PERE S 1) Ct A H R ASEAR VR B T SR KA b P PR B A T2 GrpoCT SR #5 TLHO

SER ¢ 6 8 B PCR (qPCR) AR R U1 : PCR MR AR 10 uL, 1EX 51 %945 0.5 L (20 pmol/uL) ,
0.4pL ¥R (10 pmol/uL) , 0.1pL50xROX I, DNA #AR 2 uL, fH4l7KZ 20 uL. qPCR RNAZESFH: 95°C
TAENE 30s; 95°CHEME 55, 59°CIRK 30s, 72°CHEAH 30s, 3L 45 MEHF; ELEMLFE I FAM Al VIC
RIAE S
1.5 BIRALEEF ST

LRI FIAERF (WT. pH. TN, TP. SD) . Chla A7 F LK DL LA EFEER
] 5% T I Origin 2024 B4R il MM FE T 2 5 8% MR A 4E 24 Kruskal-Wallis 77 Z 5317
TR, BT Dun IR AT ELEL, WEEKTFA P<0.05.

T RET BB K E P EE S B OB R, FRATA R T RSB L4 (extreme gradient
boosting, XGBoost) FIFEAIFR#K (random forest, RF) HL#% 5> — /38R DL & 22 Ju ek 220 [ 98 . AR
RO A 5 T U0 £ 35 = BE NS AR SR R KU S5 2R 73, AR T 4.5¢106 cells/L WAIRIAR:, 4.5%10°~1.5x107
cells/L NERK T 1 (Alert level 1, AL1) , fAEMIBEFEER T 1.5x107 cells/L AEHKT- 2 (Alert level
2, AL2) . AWFFRUFEAFEEIRE AL2 BI{E 1.5%107 cells/L X4y, R-4.4.2 HpEd 43 54l “xgboost I
“randomForest” 014 XGBoost & RF ML ] /08 . Wi By ) 30 4% BRI 254 A EE = 6:4 &Il
5y, WGREER TR @B, MRER TFHEZRE TIEFHMEMZ (receiver operating characteristic curve,
ROC) VLAY fE . XGBoost BLALE 4738 X B iE (10-fold cross-validation) ®HER B RILS4L; RF
FALEE P42 (Grid Search) RUEFFIHNSH: EIRBAURHEIIZE R F#H “caret” .S58 . SHAP
fi#®% (shapley additive explanations, SHAP) H T-fi#FE XGBoost FH RF HL#5 2% ~J LAY A ANRRAE PR X6 T3
MEERMTTER, T3 SHAP 44%HE (Mean [SHAPD BER UL Z A T HEE, PIFEE FIEREAE R T3l
1 FH“SHAPforxgboost” fl“fastshap” L5 . £ 7o MEZ D BIHMH R-4.4.2 H 1 step() BRI, FyeAR Y
ZHT, XTETE BT loglOIN+)#eHe, RIS GIBRILZEMERE (VIF>5) MR T, SR ig 5t
F 7R BN (akaike information criterion, AIC) , E#¢ AIC {HE/NIAETL,

2 BERE D

2.1 WIKERTREAKENEMFHESZBER

RUCRRERAIAI ARG K R B /KIRTE BIFE 12,7~ 22.5 °ClAl, HradbiTiidiFKiR (WT) B
FHRIT. BEARTEE A EFEIRRIE TS 3 N (P <0.05) , 5ET. FEYTRIBRIT =M MR 5 3%
Z=5 (B 2a) o KPE pH EVEH)Y 6.0 ~ 8.9, LRI H pH HMETLEEES (B 2b) . B& (TN .
S (TP) | B (SD) FIM4EER a (Chla) PUFPEAR AR AGTE 23728 0.16 ~ 6.43 mg/L. 0.004 ~ 0.09
mg/L. 0.2~4.6m f10.68~55.93 mg/L, #H{EHHIN 093 mg/L. 022mg/L. 1.65m 1 10.33 mg/L, Hr,
TN FI TP F) i R St BUAE 2 PG I8 (R 7R JOK e, SD A Chla S KB 23 70 L IR AR VLR 37 0
K PERIER LA 2 /K B . ALVLIIE TN IR EEVEIEN 037 ~ 335 mg/L, &3 (P <0.05) T8 RINE
BRI (0.16 ~ 144 mg/L) , SHEHARBLZNLRE (FF P>0.05) o JLTTANE FE G
1) TP WREVEEITE 0.01 ~0.09 mg/L, B3 (P<0.05) ST 8 RIMGEN . RILMBAZRIT =AMRE, 5
BRI R E 7 (P>0.05) « KEMBHE (SD) ERLMBEARE, HEKN234m, 5
TR MEREZER (P>0.05) , HEEFSTHMAF KR (P<0.05) . BRI IHERREL Chla
WEBMEEARAE SR, N 19.05mg/L, B3Em TALAITRE (P<0.05) , {H5HE YRR [
TREER (P>0.05) .

TR TEE R (B 3) KW, J7RAE 100 FRIK RIS 7R -G oKt 18] 5 B0 B B2 22 SRR ALE
RPN 54> (PCL AT PC2) 73 BIRRE T 23.16%F1 20.45% PR 54 B, RN 43.61%. MHER i
K&, ALITRERTRIBFE SR RA S =%K, 5 TN, TP. TN:TP 1 NHs"-N Ji[A—%, KWHEFRE
AKPEGE: AT, P R BRI = MR 5B 2 40 A0 T PC1 B IE Ty 7], & IR ShR BEAR AT AR, K5
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Fig.2 Comparison of variation on environmental variables of 100 reservoirs between seven basins of

Guangdong province. Letters denote significant differences at P<0.05

22 I"REKEEFRSEN

PALTNLTP.Chl.a 1 SD A2 Alivt-BAL /KA AR 7K PE 1) TSTHREL, 45 3 W 7R TSIAR K ¥ [ 7F 32.35~55.90
B, ANKT (B o i (B0 2% (B 3 BKPER TSI>50, NEEIRRE, 97 FEK
By g FRRAs, Hohl 26 BEKEEE) TSI AE 32.35~40 [/, 71 FEAE 40~50 IA] (B 4a) o DURHEFRIRATE
Frrt, Chla BPIRSTEEE (6.88~23.15, HMEN 15.36) i, FLKE TN (3.66~14.69, ¥JME A 10.16) Fl
SD (5.44~16.36, ¥J{H A 9.41) , TP (521~10.16, ¥MEN 7.60) HAK, FBH TP &) A& K E KIBR I 1tE=
FEHEF . WRICRE, JCILHHE) TSI AR BAR, S5RIL. L. PEIL. BRI i ARV = A s
Z T RFEZER (P>0.05) , (HEEET EGEH RIS FRKF (P<0.05, B 4b) .
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Fig.3 Principal Component Analysis (PCA) ordination of environmental variables in 100 reservoirs in

Guangdong Province
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Fig.4 Histograms plot (a) and box-whisker chart (b) showing the summary statistics of TSI in 100 sampled

reservoirs of Guangdong province. Letters denote significant differences at P<0.05

2.3 I HREKESAETREN B 2 FFERKES M XU E 5

qPCR Z5 R BIR, J7ARE 100 HEKPEER KFEHK B BAEME GpoCl) , FEEE
4.98x104~4.23x108¢ells/L [8], FKHIKPEEFEZFHKR, ImEIE 4 MR, SR R/ME D B H IR
B PEIHE E F R ES MK R AN RAEAKE (] Sa) 5 P Sb AT, BRI =N, EFE AR S R AR TTR
B AU R T AR FE AR AE R ZE 5, 05108 1.30x105 ~2.73% 108 cells/L 4.98%10% ~4.23x108 cells/L
I 7.48%10% ~ 2.30x108 cells/L, TiFHE 4 A A1 =F BB AR BN, SR 1 AMER . NFEE
WIERE (I Sb) , BRI = AR g i i m AR X 5 m, 3308 6.55x107 1 6.91x107 cells/L, FHIKANZR
YLK (3.66x107 cells/L) , BIR AT LT SRYLANTE VLI A FEME 2508 1.29%107, 5.29x10°0,
3.82x100F1 2.33x10° cells/L, X 4 MRIRA WAL FETLHEZER (P>0.05) , (HEFLTERIL=/MM
I FEI AR (P <0.05) .

ORI 25 T PO 18388 = P X K S U S5 AT R4 0%, KT 4.5% 100 cells/L J9fER RS, 4.5%10°
~1.5x107 cells/L N K 1 (Alertlevel 1, AL1) , B /KAH CYN #RE T REAE 0.3~1pg/L I8]; A
HEEERET 1.5%107 cells/L N MK 2 (Alert level 2, AL2) , BEif CYN WK AT gL 1ug/L. HE 6
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Fig.5 C. raciborskii abundances (rpoC1 gene copies) in 100 reservoirs of Guangdong province (A) and their

variation in seven basins (B). Letters denote significant differences at P<0.05
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Fig.6 Cumulative probability of bloom toxicity in Guangdong reservoirs based on C. raciborskii abundances
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2.3 ITREKEMEEEFEE SINEETFZEHX R

GREEPRBE R T, gk G PRE R 8] (14 22 SRR M) [ A2 7= AR B, ASHF SO0 BT AR AT £
JELRMERES (VIF) , LA VIF <5 EyRIWbntE, B OREBANNBIRY AR B RN AEAE ™ B SRR 1, IR ikd%
WT. pH. DO. SD. Cond. TN. TP. NHs*N. TN:TP Al TSI 3t 10 NNHFE MR E. thit, £iik
PEB L [ A S5 A /RS EEI (AIC) BEATAS R, 14 AIC M /NIVBRLE g SR ARt [ml A A6 2

Pearson FHICHESM TS £ ULk RS BIALE RN 7 Fivn. 45 R%W, TSI SR E R REIE
FHIG. LAk, XGBoost 55 RF ARBEIRUNE 8 Fiow, WFHRALH) AUC (B3 7y 0.789 Fi1 0.720, FW]—3&
FEADRE PR = B TR0 o 35 B ) 43 SR HE R . EPRBE IR 7 SV e oy, TSI AE W RS2 e 35 (5757
fr, BE— USRS E TR KPR S AT i B AR R 8 T



(a)
WT e (b) AIC=280.2, AAIC=0, weight=0.263

pH e Pearson's r 0 P =10.0047

S ) el TN:TP
Cond o s |
NH,"N = 0.0 i
-0.5 , !
Chla L I.] p 5 :
DO #x oS - Negative i i
Dol - Positive :
) E H ok
™ N N |Pearson's r| 0 i 2 2 TSI
T - <025 :
TP g = 0.25:0.5 i
TP B Pearson's p E '
) — P<0.01 5 i
SD - P==0.05 :
TSI . !
Py 2*\1/‘ d’o 0
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by 0, G % G 5 S 2 -
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Fig. 7 Relationship between Cylindrospermopsis raciborskii abundance and environmental factors: (a)

Pearson correlation analysis; (b) Multiple linear stepwise regression analysis
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Fig.8 Importance ranking of environmental factors influencing Cylindrospermopsis raciborskii abundance

based on binary classification machine learning models: (a) XGBoost, (b) RF
3 g
AT FUIE T AT (9 SEI PO E B PCR FARI ARG A 4348 7K Fh AU R A 38 (1 5 2R A DLt AT 171

AU BEFURIL, 100 BEZK PERRE SR 3 B A AU f 8, S IRATRTHACE) 438 AU RSS20, )
UL CAE ) R B K e A AL, BUAT Sha SRRV 4T B A FULAE: F 35 5 5 0 A £ 7K B S5 K AR



5o MIRIBCRE, BRI = A A0 5 VG itk i U f e P S B 2 = TRV BBV, POVLRIE R
TR SR, R I P AN AL R A K R R AR B X, ) 10 BEKEE R A T &
K&, WAL, ARRIFHER S EE (4.23x108cells/L) FIERAK{E (4.98x10%cells/L) ¥t ILE & P4 ¥ T i
B, AX 3R B[R] — VA B A [R] 7K TR DA TR B AR AR B A B3 22 S . RATIAI B IR 2R 48 A iRtk
S RARR T R CE B R S A 2 R X P 2 RAMEAETE RN, WAETE [ — U A [E K R T
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