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Abstract [ Objective] To prevent waterborne disease outbreaks and ensure water quality safety, it is crucial to establish a rapid
and accurate method for detecting active pathogenic bacteria in water. In view of the low bacterial content of domestic drinking water,
enrichment concentration and propidium monoazide-real time fluorescence quantitative polymerase chain reaction (PMA-qPCR) method
that suitable for the detection of Pseudomonas aeruginosa in large-volume drinking water is established. [ Methods] The enrichment
and concentration method was optimized by adjusting the vortex oscillation duration and calculating the spiked recovery rate. L,,(4’)

orthogonal array design was employed to optimize the PMA treatment conditions for effective removal of DNA from non-viable
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Pseudomonas aeruginosa cells, followed by experimental validation. [ Results]  After enriching Pseudomonas aeruginosa from 10 L of
drinking water onto the membrane by membrane filtration, the bacteria on the membrane were eluted into 1 mlL phosphate buffer
solution( PBS) by vortex shaking (the rotational speed was 3 000 r/min, shaking for 15 min, repeated twice) and centrifugation
(8000 g, 10 minutes). The method was completed within 50 minutes and the recovery rate was 80.95%+7. 43%. The optimal PMA
treatment conditions for the PMA-qPCR method: PMA concentration was 30 pmol/L, incubation time in the dark was 20 min, light
exposure time was 20 minutes. The method was consistent with the detection result of the plate counting method, which could
effectively inhibit the amplification of dead bacterial DNA. The linear relationship between the number of viable bacteria and the
number of PMA-qPCR amplification cycles was good in the range of 1x10° CFU/mL to 1x10° CFU/mL (R*=0.99) , and the standard
curve equation (y=-3.541x+44. 11) was established to quantitatively detect the number of viable bacteria. The limit of quantification

of PMA-qPCR was 1x 10> CFU/mL, and the sensitivity could be improved 1x 10* fold by combining with enrichment method.

[ Conclusion ]

The assay established in this study is suitable for the quantitative analysis of Pseudomonas aeruginosa viable bacteria

in 10 L large-volume drinking water, which provides an effective technical means for subsequent in-depth research.

Keywords Pseudomonas aeruginosa  propidium monoazide (PMA)

count drinking water
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Tab. 1 Table of Orthogonal Test Factor Levels

K APMA MKE  B:WEEEIE] C. i RATIRGHS ]

1 10 5 10
2 30 10 15
3 50 15 20
4 70 20 25
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Tab.2 Design of Orthogonal Experiment

e R A 2T
PR oAy mEet m AR

1 1 1 1

2 1 2 2

3 1 3 3

4 1 4 4

5 2 1 2

6 2 2 1

7 2 3 4

8 2 4 3

9 3 1 3

10 3 2 4

11 3 3 1

12 3 4 2

13 4 1 4

14 4 2 3

15 4 3 2

16 4 4 1
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S (P<0.05), 59K 40 min WL R LG %27
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Tab.3 Bacterial Recovery Rates under Different Vortex Shaking Time

Ve gy =X Y535 B 18]/ min TIAREE R VR AT A8/ CFU (x+5,n=3) PR (x+s,n=3)
A 20 +20 (2.300.10) x10® 82. 14%+3. 57%
B 15 +15 ] 3P PP AT (2.27+0.21)x10° 80.95%+7. 43%
C 10 +10 (1.6720.21) x10° 59. 52%+4. 12%

T s TR P EAR R 0 FORIRI T WREL, TR,
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Fig. 1

Effect of Different Vortex Oscillation

Time on Bacterial Recovery Rates

50 min PJAN 10 L 7K TSGR 55 80% 114) 441 BT F- ¥k 4
RFRZE 1 mL,
2.2 PMARE BEEEE, R ESREASIKE
TEXTRE S AT PMA AL HER, B A#£3E PMA X} 7€
B DNA (785040, Pk, A 55 3 1 1E 52 i 5,
DL 1. 3.2 il o 0 ] 2 A1 B L P B8 TR e 4 in b K A
HHRFEXT G B PMA AbFRZH 5 RAbFEZH qPCR A6 0
45 R AEFRBOE A (ACH ) VB IG5, B
FER R BE A% 310 1 A 7K v e 2t Al S0 77 SE 1 DNA
IR B e PMA 540, Hoh ACH {HBOK  PMA XJ5E
B DNA AL FRRCR AR IA &, TR AR 5 R 5L,
iR 4 PR R T 2B T 10% , U8 HdE
AR SR ik A 22 000k 2 Flags et e
IR 25 SR AT 8T

x4 RN E

Tab.4 Extreme Variance Analysis of Orthogonal Tests

SR KT

R Cr XTHRZH Ct

i A:PMAVKEE  BoWERHE  Cogmmf P (n=3) FHEE(=3) Act R
e aes 1 1 1 1 32.68 12. 86 4.18%
2 1 2 2 33.79 13.78 1.73%
3 1 3 3 33.97 14. 12 1.01%
4 1 4 4 33.55 13.99 2.93%
5 2 1 2 32.79 12. 80 0.57%
6 2 2 1 33.30 13. 14 7. 86%
7 2 3 4 34.19 14.20 5.51%
8 2 4 3 36. 03 16. 01 1.28%
9 3 1 3 34.02 2001 13.96 1. 46%
10 3 2 4 34.26 14.25 3.39%
11 3 3 1 32.29 12.36 0. 65%
12 3 4 2 32.61 12.42 6. 44%
13 4 1 4 33.99 13.72 9.50%
14 4 2 3 33.98 14.12 1. 54%
15 4 3 2 34.29 14.35 2.58%
16 4 4 1 33. 64 13.47 4.59%
I 45 S A K, 54.74 53.34 51.83 - - - -
K, 56. 16 55.29 53.36 - - - -
K 52.99 55.03 58.20 - - - -
K, 55. 66 55.89 56. 16 - - - -
A R ky 13. 69 13.34 12. 96 - - - -
k, 14. 04 13.82 13.34 - - - -
ky 13.25 13.76 14. 55 - - - -
ky 13.92 13.97 14. 04 - - - -
&= R 0.79 0. 64 1.59 - - - -
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Fig.2 Effect of Various Factors on ACt Values

2.2.1 IEACIREXT ACH {H A 2253 Hr

TEZE RS A 2 3 A7 v F TSR AN (R PR 2R ) )
FUAE RN 2R (R [ AKOF  pE 3A 7  l— A
R KT A RS RN K EN k(i
REAFED) , R —HEBEARFEKFETHHZERN R, R
J2 W35 PR 2R 7K AR Ak X 56 48 A 1) 5 Wi AR R (B
KRR FIZHZ X bRk B %, FHER
E AL R B an i 2 FT

HIAR 25 R (B 50 B 45 S w] 1, 3 A B ik
K HF I TR AT 5 W ) R EUF R Ro>R, >R, G
i) X PMA-qPCR A6 1 7K o 98 B 14 52 i B K, 76
10~25 min B, ACt {5538 K5 Wk /N, 7€ 20 min B
ACtHIA B H K, PMA ¥ E A 10~70 pmol/L A,
ACH {H 2B Btk A B 0 BT el R Rk, 24
el M 30 wmol/L ML BRAUR e fd s ML Z T G &
BB SE MR B /0y, 24 15 & B (3] 2) 20 min B, ACt
K, 4 5~20 min, B K B B EGLER  ACH {558 14
2 TR,
2.2.2 IEAZIRIEXT ACt LAY 225087

B SPSS o sg BAEH 1Y 2 P & AR
R AT AT (£ 5) . 3 AN HRILEZEEH Y
C>B>A, JEHERT A g 1520 T ACt fH (P<0.05)

TEWE R 10 ~70 pmol/L i, PMA XF ACt {H HY 5 i
Bl AR AN B2 (P>0.05) , B4 PMA ¥R ik
F 10 pmol/L B, PMA R A &4 3 i 5L 1/ A% FR 19 4
4 3% 5 Gensberger 25" F| F] PMA-qPCR 77 461
K R KI5 7 TG A ER B T PMA Ve —
B, TERGALIE T WA K 5 ~ 20 min B, PMA %} ACt
B %) 52 Wi i B 5 ) (1] G 4 35 PR AR Ak (P>0.05)
WA T B 47 B 2 {0 PMA 5840 28 ik 52 9 1Y)
ML SN Y DNA 254, 5 Santiago %5 PMA
A FRAR K H ) 1 1R T 7 v v BT T ) 5 7
[ —%, HT EdRIHT, e i SE R DNA 194"
B EBRARI A G T X A,B,C, 44 (PMA YR
430 wmol/L 1% & B E] 24 20 min g BB} [E] 24 20
min) , ACt B4 16. 01, RU5A F TP FE P DNA (1)
PB X S ARREE A (R SE R PMA XA B A
KIWHIVEHS R —3, (5 EE 2, PCR ¥E
HEE A A = R AE I 200 el i o8 4 0
I, R 2 R 3R A 4 A A R R I O IR qPCR
SIYFEE P 1 DNA KDY BRI T PMA XAER
DNA 1 40 ] 2 2%, PMA A 0] fE 58 4> 25 % 46 &
DNA R, S B 1 [X 43 A6 T TG 1, 8 G fi
>36 Fl 7 N B

®5 IECIRE I 25
Tab.5 Analysis of Variance for Orthogonal Tests

eSS SEITFI(SS) 9 H1 ¥ (DF) 197 (MS) F P
A: PMA YRJE/ (pmol - L") 1.472 3 0. 491 0.955 0. 424
B: W& H]/min 4.113 3 1.371 2. 668 0.061
C: JGHRAFE]/min 16. 229 3 5.410 10. 526 <0.001?9
2% 19. 530 38 - - -
j=San 9 196. 850 48 - - -

1 <0. 001 P #5582 5 13 (P<0.05) .
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2.3 PMA-qPCR 7 i&HIIIE
2.3.1 PMA-qPCR %A AS [5] v B2 T Am 4SS 400 v 4
KA

FIH PMA-qPCR JEAGIN G B, BEARIE 25 bR PR 5%
AL G DNA BT, b G b 0 < (1 PR 25 58 5 ()
2 PMA ¥ i ok OIS BEE L R PMA 5¢ 4
BhALRT, PMA W2 576 DNA 254, BB« B pE”
AL L0 TR, T8 S T s B ) B TR A DL K

FE5 16 B AR 480 7K FF SR 56 I i 22 57 9 PMA-qPCR 7
PRIE R, 45 RN 6 Fron, il it ¢ A A
PMA-qPCR 5 qPCR 2 5 vk K % P AR AR 1
ZERTCWEME 2 R (P>0.05) , B 7 2 % 3% B 0
DNA ¥ HATCRZ M, A KR TP JE B VR o 10 ~
1x10° CFU/mL B, PMA-qPCR 5 -4z i1 % i 46 )
GER—F(R T) , M H K qPCR 2 4 BEAS M 1) i 2%
B B A7 N RBIX 4338 16 T

Tab.6 qPCR, PMA-qPCR for Detection of Live Bacteria in Concentrated Water Samples

%6 (PCR.PMA-qPCR LA 47 KB v i T

T ALK R R/ AT/ qPCR(Ct fH) PMA-qPCR( Ct 18) ¢ 40
(CFU-mL™") (CFU-mL™") (n=4) (xts,n=4) (%xs,n=4) ¢ P
110" 25 36. 86=0. 49 37.6520. 78 -1.655 >0. 05
1x10? 2.5%10? 35. 6520. 25 35. 67=0. 56 -0.071 >0. 05
1x10° 2.5%10° 32.26+0. 42 31. 69+0. 58 1.597 >0. 05
1x10* 2.5x10* 28.92+0. 40 28. 88+0. 27 0. 165 >0. 05
1x10° 2.5%x10° 25.27+0. 39 25.23+0. 56 0.122 >0. 05
1x10° 2.5%10° 21.4320. 45 21.19=0. 19 1. 041 >0. 05

R7 (PCR PMA-qPCR PR EGER I Ar A B I
Tab.7 ¢PCR, PMA-qPCR, and Plate Counting Methods for
Detection of Dead Bacteria in Concentrated Water Samples

%8 qPCR.PMA-qPCR AN [R] L 5] (4 376 B SE A
A KH:
Tab.8 ¢PCR, PMA-qPCR for Detection of Different
Proportions of Live and Dead Bacteria in Mixed Water Samples

FERIAEAY qPCR PMA-qPCR  “PHIt4k/
TR/ (CtfH) (CtfH) (CFU-mL™") T A PMA-qPCR( Ct {#f) qPCR(Ct fH)
(CFU-mL™") (xxs,n=4) (n=4) (n=4) (x%s,n=3) (x+s,n=3)
1x10" 37.40+0.22 ub 0 0 38.700. 74 26.23+0.49
1x10? 35.75+0. 54 up 0 10% 29.360.78 25.53+0. 69
1x10° 34.110. 22 uD 0 30% 27.57+0. 16 25.99+0. 27
1x10* 32, 40+0. 14 un 0 50% 26.75+0. 25 25.410. 51
1x10° 26. 85+0. 75 D 0 70% 26.46+0. 16 25.38+0. 47
1x10° 29 1020. 52 up 0 100% 25.96+0. 25 26.03+0. 39
L UD g MG R
2.3.2 PMA-qPCR J7EME/FERIR G R TTIGH 2.3.3  PMA-qPCR 1 I 5 1% B 55000 s o ittt 28 1%

{14 5 531]

4 1x10° CFU/mL [IBEEE 5 16 B AR AR EL
IRA T PMA-qPCR A2l , I DL R 28 PMA AbH T
FEM (qPCR 4H) 5 R %o HR 45 41 B4 3 50 45 0 &5 SR n
T8 R, W 3 B, MG T A B 0 B
PMA-qPCR ZARAG H (Ct{E>36) . Bl I B LG 1Y
BN, PMA-qPCR 41 Ct {HZ2#F F &, (B4 T
qPCR 41 Ct {H., 47 & BT o LG4 100% B, PMA-
qPCR 415 qPCR 4l Ct {HZE S RGEIT#E X (P>
0.05) , X R Tt & &AL, PMA-qPCR #BGE
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Fig.3  Detection for Mixture of Dead and Live Bacteria
in Different Proportion with qPCR PMA-qPCR Methods
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Detection by PMA-qPCR
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