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Abstract [ Objective | Aiming at the microbial safety risks in roof rainwater utilization, this paper systematically explores the
occurrence patterns, seasonal dynamics, microbial correlations, and usage risks of opportunistic pathogens ( OPs) in roof runoff
rainwater, while analyzing the characteristics of microbial communities, so as to provide a scientific basis for the safe utilization of
rainwater in sponge cities. [ Methods] Taking roof runoff rainwater from 4 typical campuses buildings in Shanghai City as the research
object, quantitative real-time PCR ( qPCR) technology was used to conduct 5 events-based samplings (20 samples) and 9 months
long-term monitoring (28 samples) to determine the concentrations of 9 target microorganisms. High-throughput sequencing was
combined to analyze the microflora structure of rainwater from March to July. Quantitative microbial risk assessment (QMRA) was used

to quantify the exposure risks of Escherichia coli (via drinking) and Pseudomonas aeruginosa ( via inhalation). Statistical methods were
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applied to analyze the detection characteristics, seasonal patterns, and correlations of microorganisms. [ Results ]|  Microbial
contamination was widespread in roof rainwater; the detection rate of Pseudomonas aeruginosa was 100%, the detection rates of
Legionella spp. and Vermamoeba vermiformis reached 89% and 86% , respectively, and the detection rate of Escherichia coli was 71%.
Microbial contamination showed temperature-driven seasonal dynamics, the average total biomass from April to July (2.4 x 10’
copies/mL) was two orders of magnitude higher than that in the cold season (from November to March of the following year) , and the
concentration of Legionella spp. fluctuated by four orders of magnitude. Specific correlations existed among microorganisms : Legionella
spp. had a strong positive correlation with Vermamoeba vermiformis [ correlation coefficient (r)= 0. 54, probability value (P)<0.05],
while there was no significant correlation between Escherichia coli and Pseudomonas aeruginosa (r = 0.05). High-throughput
sequencing identified 453 species, with the highest microflora diversity in May ( peak Shannon index). QMRA results showed that the
daily infection risk of Escherichia coli via direct drinking was 0. 139, and the single infection risks of Pseudomonas aeruginosa in
showering and car washing scenarios were 4.9x 107 and 4.99x 107, respectively, all significantly higher than the United States
Environmental Protection Agency (US EPA) daily acceptable risk standard (2.74x1077). [ Conclusion] This paper clarifies the
widespread contamination characteristics of OPs in roof runoff rainwater, temperature-driven seasonal patterns, and microbial symbiotic
correlations, and reveals the limitations of traditional indicator bacteria ( Escherichia coli) and risk differences among different usage
scenarios. Meanwhile, it is found that functional bacterial genera in the microbial community (such as Exiguobacterium with nitrate
reduction and organic pollutant degradation capabilities, and Sphingomonas capable of metabolizing aromatic compounds) provide
potential possibilities for water self-purification during rainwater storage, offering an ecological perspective for risk management.
Finally, it proposes a risk management direction of " source pollution reduction, storage control in high-temperature seasons, and multi-
index monitoring" , which provides key technical support for the prevention and control of microbial risks in roof rainwater and the
resource utilization of rainwater in sponge cities.
Keywords roof rainwater opportunistic pathogens( OPs)  quantitative real-time PCR(gPCR) technology microflora quantitative
microbial risk assessment( QMRA)
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TRI) ARTRI RS, oA J8 1 A28 7 RRT 7K A9 7K 1 A {3t
THEEH R A

AR SO 1 TS P 1) 4 MR R SR N B
FEMR(CEFEBER 1 FiR), TR 2 435
AYRFE L (1)5 MR TRAE, 76 5 Wl ST FE
P FRET FFGA S 20 min (HRRERT I R R ) |
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Tab. 1 Informations of Target Buildings and Building Roofs
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1.2 HmRRELESRE
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qPCR 5 5.00 5.00
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. 4 AN . iy ‘
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e 40 MBI, Ak
W It ZE A 1 mip J5514): GAAACTTGTTAAGAACGTCTTTCATTTG 95 C, 2 min 0 61)@1")9(5/;; 1;2%5‘ 5 78
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R%F . FAM-TTTCACGAACAACGCGACAAACT 72 CHEMH 10 s
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"y X : . : ,
SOTBATI 165 iRNA JE51% . ACCAGAAGACATGCGTCTTG 98 °C., 2 min 68 CiB K/ HEM 18 s 180
HI514 ;. TTACGAGGTCAGGACACTGT . 40 MG .98 CAEME S s
uL\ . B
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Hi51#: CGACCAGCGATTAGGAGACG o -
RBTAEL L 188 rRNA JG3H: CCGACGCCAAGGACGAC 95 C, 2 min 4061)@1}9(5/ ;Et 1:?05‘ S 66
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J551% . GGWTACCTTGTTACGACTT

55 CiR K/ S s
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PR SRR ZFPIAE , FLAERTI RN KRR AR Fp A
ZiK 100% , H I 510 QMRA 1435 78 207 3 T
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Tab. 5 Distribution of Aerosol Inhalation Volume under Four

Exposure Situations and the Values in this Paper per Day

BEER REERARE/mL A AREUERE/ mL
i [0.058,1.900] EoppAvil 1,902

GALBET  [2.000x107°,1.100] 55 2.00x1073 7
FE [0.060,3.790] Y5143 4 193027
g [0.010,0.300] S AT} 1.49%107916]
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it 2) ~X(5).,

Dy s = 1. 9%Cy, (2)
Dy g = 2X107°%C, (3)
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HH 2Dy T 7K H ] 2l P BT T 4RI
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D s — 0 7K ] o {152 B L BT 7 S
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Dy s — 7K FH A 2 A1 B L TR 7 Pk 42
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Dy g — W8 7K H A S A2 B T 7 o Jog
ZEEIE NI H BRI, A
Cp\—H 23 EP L 78 75 W9 7K 1 ik B2
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(4) Ve BEAS R AL 3L . 2 b B RIS W %) v i
PTG A i R P-4
1.5.3 Sl - Al
I SCERIE T, A5G B PRI PR B A A B
B KT T 5 ] 53 A1 B M 81 X6 1 7 741) o — i g A 74
KSR BRI T H AR (Py) o
(1) RBFH 0157, H7 (BURZ S g E A
&) R B-ZI AR A, an=Xi(6) o

.-

D (.t )
PE:(‘UZi,d = 1 - El +N7 (2’“ - 1 ) (6)

50
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2 BRE5ITR
2.1 EEARRWANMEDSLAR. EEBEE
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AR SCIE A% T T AR el 4 MR LR SR R T AR
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Tab. 6 Detection Rates of Target Microorganisms in Local Roof Runoff Rainwater

H bR A e th 2

s gpr
s Kipkre  WEERREE W VEITERIE  PRATRIE SMRUTE BPPRERE iR
1 100% 100% 100% 0 40% 0 0 80%
2 100% 100% 100% 0 40% 0 0 80%
3 100% 100% 80% 0 40% 0 0 60%
4 100% 100% 100% 0 100% 0 0 100%

KO 25 2R (3R 7) #F— DR AR BT

AL 5 {1 PR L AT L 4 A D A3 R TR RN [
HOJE A K, Horp ) A 2 PRI B R R
100% , 22 [A1 7 J& ey [G HU & A 2% 43 31 R 89% Fi
86% , S A AF W& A R AR 1% , K AT A
*®7

RN T1% o Fr H s A WK R A7 A A 22
S RBAFETE | H—3 ARl RRME(<33%);
M ICHURAE 2 H—3 AR R RAK(33%) ; 0BT
WBRALE 7 AR EWE R AE 11 H R K, &
TRK RN 89%,

EEZERFARBIRMEDKRHER

Tab.7 Detection Rates of Target Microorganisms in Roof Runoff Rainwater

A BHHEREA R FEAR SR (%)

o KIGHF e P T TR SIS I Qe

1A 2/2 (100%) 2 /2 (100%) 0/2 (0) 0/2 (0) 2/2 (100%)

12 H 3/3 (100%) 3 /3 (100%) 3/3 (100%) 0/3 (0) 3/3 (100%)
W1 H 1/4 (25%) 4/4 (100%) 4/4 (100%) 0/4 (0) 4/4 (100% )
W2 A 173 (33%) 3/3 (100%) 2/3 (67%) 0/3 (0) 1/3 (33%)
WAE3 H 1/3 (33%) 3/3 (100%) 3/3 (100%) 0/3 (0) 1/3 (33%)
WAE4 A 4/4 (100%) 4 /4 (100%) 4/4 (100%) 0/4 (0) 4/4 (100%)
WS H 172 (50%) 2/2 (100%) 2/2 (100%) 0/2 (0) 2/2 (100%)
WA 6 A 3/3 (100%) 3/3 (100%) 3/3 (100%) 0/3 (0) 3/3 (100%)
WAET H 4/4 (100%) 4 /4 (100%) 4/4 (100%) 3/4 (75%) 4/4 (100%)

LRSS RA A e R T T R AR I K AT
TET Z W UE s g, Hod OPs IR ok 3%
o) 5 {12 B AT A R T S SR R A W U 2y
100% K Hi | 7853 ENUE T AR b PR 5% 38 1 P A 1)
OPs 7E45 FK IR LS (46 N THE KRG KM ) 1Y
ek RE AR AE D) 7 A T R T R A AR
Z(89% .86% ) AT &G, B K 5y BUR 1 1Y g
I 6 1] R R 5 43 AR T AR ZE AT B R AL 65 R
P, =0 12 FhE A IA R AR EoR D g A
br LR N K R G5 & ERRIE G, 73 H
JE& BT R RS A 25 20, A, e G U s AR
A TEBTOR B 2 ZE AT B A OPs [ 3AR 7 &,
A N 3 AR G R AR HE IS ARG A G SR R PR A

TR — OB AT IR AR

(B A R, ZE 0 48 7R TR K T T 0] )
Rt 30 71% , & W] & 1 42 A7 A8 25 0505 L 7
(WS 263538h) , S EPRIFE Y 458 —50, A4S
JRTHARGE (V37K ) 9 OPs ¥ BE ARG AT (AN A1 B
JEH T N 1.6 10" copies/mL) (& 2), W E KT
Hamilton 55" H245 (1 MR it 47 T 7K e 2R 3 ~
3 100 copies/mL) , 1% F=ELIH K F A SCRFE R AR 2 4if
FEM R T KR, B T 6t B v R T iE
WA a5 B 4 5 @502 TS HBas il (e 45
W), AT REREARWI bR Ts G i, X R T X4
“PRARTTG YL 5 A Ar R g i Rk Tk
TR R PAL A R 7K I 2R Ge i A= 1 XUSs: 1) Al
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Fig. 1  Concentrations of 16S rRNA Gene in Roof

Runoff Rainwater
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2.0%10° copies/mL; /M FF B J@ W JEE R 0 ~ 2. 4% 10°
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[ HURHE N 0~ 1. 2x10° copies/mL, FHHEAEA -1
A 462 copies/mL,

AR5 T ] Al S e B e sh N s %
VI8 BT R e BE B sl ik 4 MRS, 4 H—
7 BT i IR HURANAE 7 A A m BT R
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RS RE MR s 1R T AR U R K AR T
e JUHIE OPs 1Y 219 MR 3, 2.0 3K 3l K 3R O 36
BRI, 4 A—7 A LSRN 20~30 °C, MY
R R TV 2R ZE DA A J N S BRI A 1t 2B ]
VR BEIRIAR , 3X 5 H i AR K TR W) & - 45 AT T B i
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BT, A 53 A AT BRT R R B 25 AR 3
SRR T e e 22 T 2R T T SR Ak 2 IR RN K T4 B (AN
WIS MR IR ) |
2.3 EERRWARBERBEDIERHOEXE.
HEXRSETENANERGE

EE X HAREE R BE ) Spearman AHICME 3T (58
8) W T HARIMAEY 5 16S rRNA LR 4 & 1E
KM (P<0.05) , Hirr | 16S tRNA FE:H 5 K G HT #
(r=0.67) ZERHHE (r=0.76) 5N (P<
0.05) , SHIS A M (r=0.41) MM GRS (r=
0.49) FFAHINME(P<0.05) , 54 B0FF B i 5 3 A
KM (r=0.82,P<0.05) ; EHA W & 5 KIGHAF 25
SR A IEAHOGME (r=0.51,P<0.05) , M5 [R5 K
FF 52 58 B TEAH & ME (r=0. 39, P<0.05) , 0 Rk i
J& 5 K FF T 52 89 A9 1E AH 6 (r=0.69, P<
0. 05) ; A=A T4 J8 5 ] 2t Al P BT 522 55 199 1E AH S
(r=0.39,P<0.05) , ¥ [CHUE 5 4 28 15 50 A 1 [ A
S IEM e (r=0.43,P<0.05) ; 0BT B 5
7 b R SR R I IE A e (r=0. 74, P<0.05) ,
PR U 5 ZE P P i 2 B0 1 IE A G (r= 0. 54, P<
0.05) . 554 7R T WAL Y98 b 8] 19 s G A%
S, X IXUBSE Ak R I SR W A EE AR

FH RS R AR I A R (r=0. 54,
P<0.05) , EE T FREE K fA By ok [0 5 el 5 28 1A
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B SEERECRMEDT I, P AR R, R 57
AT B B R 0 O R R B T 1 AR
1R, e LSS T 7 (S VRTHEE) o

RIGHF S5 4H E % (r=0.51,P<0.05) 734
HHE (r=0.69,P<0.05) FAR EAH G, RUITEAR
it AE R R AR D, 248 7 B KW AT o ] — 72
JE R 53 OPs IS TE B H . X 50t A7 T K BF 5T
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Fig.2 Target Microorganisms Concentration in Roof Runoff Rainwater in Different Months
* 8 EERZRMAREWIEIRZ EHEXE
Tab. 8 Correlation among Microbial Indices of Roof Runoff Rainwater
fbi Spearman &M R 5 r
7
: 168 rRNA KIGFF LR RO Kzl IR ey LG
16S rRNA — — — — — —
KIAF 0. 67 (0.00) — — — — —
i SR A PP R 0.41 (0.03) 0.05 (0.79) — — — _
R 0.76 (0.00) 0.51 (0.01) 0.39 (0.04) — — —
TS 0.82 (0.00) 0.69 (0.00) 0.21 (0.28) 0.74 (0.00) — —
MG HUR 0.49 (0.01) 0.39 (0.04) 0.43 (0.02) 0.54 (0.00) 0.54 (0.00) —

65 o PAH,
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ARUTHN M 97% B FF SIARBLRE #E 47 OTU 2%,
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Shannon 5 £ ZAE M 7 )7 5 £k 5] 5 000 B 35
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Fig.3  Shannon Index of Microflora of Roof Runoff

Rainwater in Different Months
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Fig. 5 Microflora Composition of Roof Runoff Rainwater in Different Months
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Tab.9 Exposure Dose and Infection Risk of Target Pathogens during the Usage of Roof Runoff Rainwater

LTI e TIE T T S P VI v

KIGFFA LN B oK 280 322 560 0.139
Wi 69 131.1 4.9%x1073

CLES O LN LR AL 69 0. 138 5.17x10°° 2.74x1077
s 69 133.17 4.99x107*
| 69 1.03x107" 3.86x107
2.5.1  RIBHFETOKIEG: KUK PRI 5 9 RS Bl it 2 AR R T BT AR S AR

PLZR 9 oK I FF BT 34 Mk B (280 ~/mL) K
Wo N AROKE 1152 mL LA &5 8 A
F e 322 560 (1) ], A B-T14)
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$E B H AT 3222 S KU AR v (2. 74%1077) , FL%
UE S A 22 Ak B A J28 TG A% 30 RN K AV A AR R K A7 A
Jon T Y XURS: T U B R S, 2 KRR V£ A AE —
SE R A AT RE . — AR SR 8% 1 K I 1 1 A 3K
FEE, IR H B BRI RS 0157 . H7 T Bk i -
N R SR R T AR U T S50 TR I R A b ] B
B s 2 IS T R K AR R 2 A SR MR
BESFAL AT R A A VR B, HR A2 68 A
FEEk = A — e g 1, Y S S S bR AU . e,
T PE b 5 M XA RO A R K L R

SRS 8 TT BE A7 e I 4R, T 45 A S PR 3 5
HE— 2L B E
2.5.2 S fIR L DA R A JER XLSS:

54 3R 9 O o R RN B O 3 vk
(69 1~/ mL) R EIERWARIR(ERS) iHHE
RGN R (2) ~ K (5) ]I Z) 13 {H 45
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(B RAVEG R 5. 49x107) ¥t /NTF &, = 11,55
BB PREL P=Dxr/k,,, WIS B0 KU 22 53
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RO 1.9 mL P87 1. 93 mlL) i & T HAb Y
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