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Abstract A large number of pathogenic bacteria are commonly found in wastewater, and wastewater treatment plants( WWTPs) , as
the main sites for receiving and treating wastewater, play an important role in controlling pathogenic bacterial contamination and
ensuring the safety of reclaimed water. In this study, the bacterial community structure and the presence of pathogenic bacteria in a
WWTP in northern China during summer and winter were analyzed using 16S rRNA sequencing and real-time fluorescence quantitative
PCR techniques. The results showed that a total of 27 pathogen-containing bacterial genera were detected, among which Pseudomonas
and Acinetobacter were the main pathogenic genera. After a series of process treatment, the number and content of pathogenic genera in
the effluent were significantly reduced, but it was found that the conventional effluent testing index Escherichia coli could not indicate
the presence and risk level of other pathogenic bacteria, suggesting that new testing indices still need to be introduced to reduce the risk
of pathogenic bacteria in reclaimed water reuse.
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polymerase chain reaction,qPCR) RE A N S AR 5 AR
BRI T R0 2% 2 I AR 0 XU DA AR B A
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Fig. 1 Process of WWTP
1.2 EFE4H DNA RE

FHICTR 85 7 70 JC o B 8 I 85 74, T Lysing
Matrix E Tube H1, 4% Fast DNATM Spin Kit for Soil
( MP Biomedicals, Solon, OH, USA ) 377 & 42 it 19 Ui
PP HEERE AR ) BE R 4 DNA, % Nanodrop T
I3 6T (Thermo, USA) % DNA ¢ B Kz 24 B /£ 47
ME  H 8 T-20 C FRAT
1.3 16S rRNA EESE=NF R EHE S

K 51 ¥ %} 338F ( 5-ACTCCTACGGGAGG-
CAGCA-3") Ml 806R ( 5'-GGACTACHVGGGTW-
TCTAAT-3") P M4 16S rRNA ) V3-V4 F25 X,
PCR & & 1 F: 2 x Pro Taq 10 pL, E#F 514
(5 pmol/L) 0.8 pL, FHE5I# (5 pmol/L) 0.8
L, Template DNA 10 ng/uL, TG 7K #ME E 20 pl,
PCR Z5F 1R 95 C #4EPE 3 min, 7E 95 °C 30 s,
50 € 30 5,72 C 42 s F 47 30 NMEIF, )5 7E
72 CHEMH 10 min, PCR J=¥1ik = Bl L5 LW E
YR AT BR A A EAT 16S fRNA U5, I 57 50
[llumina Miseq( [llumina, USA)

XoF A5 2 i L i P A5, B S Trimmomatic
v0. 39 & £ F %) tF 1Y barcode, 4R J5 i ] FLASH
vl 2011 XTSI T DR LA R i e 4, 1
QUME 2 XF P42 3 5 47 o 8 42 il A s 240 B, L
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IR I BITE S KK TSR HEA R
FEEALLS OTUs (5 8., 2% Fang 5 WA
o Z RS B T Chao (WD 358 5 5L
Shannon ( ¥ Fh ZHEE ) $5%0FN Coverage (75 55 5 ) 45
B, FT RIBES (version 3.3. 1) T H2AHI B S5
FORE, B APIZEMANE T2 B 4l 1] 25 5 1 kb
R Kruskal-Wallis B A6 56 F58 X 3 07 22 70 Hr F
ke
1.4 gPCR

HiHE Donohue 251 F Sy 1) W i 22 14 T4 5E A
W7, R A5 9% (1E 1 : Lpneu CGGAATTACT-
GGGCGTAAAGG, 2 I]: Lpneu GAGTCAACCAGT-
ATTATCTGACCG) Fl1# 4 ( Lpneu FAM-AAGCCCA-
GGAATTTCACAGAT-TAMRA) , SUWAKZ (20 pL) -
10 wL Premix Ex Taq( Takara,JP) 0.4 pL 1EM 5[4
(10 wmol/L), 0.4 pL 547 (10 wmol/L),0.4
L #R%F (10 wmol/L) ,1 wL DNA i4z,0. 4 wL BSA
(5 mg/mL) ,7.4 uL WK, RN ZMAWTF .95 C
75 10 min, 7£ 95 °C 105,60 C 305,72 °C 1s
BEAT 45 NG, JeJ5 16 40 °C T ZE M 30 s, MR IE
Maheux 25" 2 57 1) K #1 B SYBR & 2 A 5
2, R 519 %F (1E [ ; UAL TGGTAATTACCGAC-
GAAAACGGC, JZ ] : UAR ACGCGTGGTTACAGTCT-
TGCG) XFHE i i) H AR 40 R 7 5 e, R R
(20 wL) 4R : 10 L SYBR Greenl 4% ¥} ( Takara,
JP),0.4 uL IEM5[#(10 pmol/L) ,0.4 wL K Ia]5|
(10 wmol/L) ,1 pL DNA £#z,0.5 wL Ay ROX %
#1(50X),0.4 L BSA(5 mg/mL),7.3 pL LHIK,
SN AR .95 °C FilAE M 5 min, £ 95 °C 1 min,
62 °C 1 min,72 °C 1 min F#E4T 35 MG, )5 1E
72 °C F ZEA{H 10 min; qPCR ¥ 851X #% & ABI Q1
(Applied Biosystems, Carlsbad, CA, USA) ,
1.5 BERXEIEM

ARG Hi BB 56 [ 2R 55 O 4 28 4 1) XU DA
UL kTG A AR B e it A A TR R R A T R

RS HEA T PPAS . ek 8 &R 1 P Hass 451
P Y “ AR BB AL " 5 Beta-Poisson B8 [ (1) ~
(2) ], M4 Semerjian 25 B 52 A A EAMEA 1
mL/d 57K,
FA RS IT AR
Tab. 1 Models of Health Risk Assessment
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15K BT T IR A R 4 i an 18 3 s,
45 A~ 11 Proteobacteria . 25 W T ] ( Campilo-
bacterota) . Bacteroidota, it 2& B '] ( Actinobacte-
riota) \#A[ ] ( Patescibacteria) . Firmicutes F115 [ 5[]
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Tab.2 Samples of a Diversity

RAEZE SRR A, OTUs Coverage Chao Shannon
HZE JFK (SA) 1156 0.988 6 1 076.708 3 3.259 8
BRI KHE (SB) 2771 0.974 7 2299.532 0 5.062 4
ZUtHLKRE(SC) 2 506 0.976 6 2 027.800 0 3.996 7

HEIE K EE (SD) 1 994 0.980 1 1 700. 009 9 3.671 4

R MKEE (SE) 2 486 0.981 3 1648.520 5 4.034 0

SHMETE MK AL (SF) 1778 0.983 5 1414.835 4 3.190 6

WE SBT3 (SG) 2415 0.977 9 2 120.044 9 5.516 9

B S== JFIK(WA) 1 087 0.988 1 1087.3329 3.574 2
BRI KFE(WB) 2275 0.977 5 2077.843 7 5.2237

U KEE(WC) 2518 0.973 8 2330.113 9 5.2475

A IENRIKEE (WD) 2 126 0.978 4 1 872.366 7 4.3346

BRI KFE(WE) 2 429 0.9739 2 266.290 7 4.721 4

SO M KRE (WF) 2184 0.973 6 1922.129 7 4.340 8

L5 I (WG) 2 150 0.978 7 2 080. 771 6 5.5530

B2 o ZHIERREALN 250
Fig.2 a Diversity Index for Inter-Group Difference Test
SRR K TP ALY . LA A 25 5 2 PR
( Kruskal-Wallis & FR 56 ) 25 5 7 | A ) R AE A5 A
SR AR R REA7AE 5 22 57 (p<0.05) o Jidiis

K H FEEJE Campilobacterota, &5 HLFE 50% UL I, H
RHIEAS S5 Proteobacteria (7 3245, 157 J1] A& 75 #8 I8 R
SHMEFERFE S ik 70% DL |, B A PIENT LT
KIL, 42 Campilobacterota ( p<0. 05) il Firmicutes
(p<0.05) AH X 4= B i 2 & T 5 &, i & &=
Bdellovibrionota ( p<0. 05) FHX} 3= i . 35 i3 T4 2

FEJEKE b, e 1 179 A8 (5 /T
1% A HABZE S ) 1T 20 LT & V& 465 74 4n
Kafrnm, TENEBRREEA: ST RIE
(Arcobacter) W& W I TE J& ( Methylophilus ) AR SCFF B
J& ( Pseudarcobacter ) |/~ 8lFT 5 J& ( Acinetobacter ) F1
i B M B JE ( Pseudomonas ) . 73 KL FF W JE
( Mycobacterium) W Fetfs 2 ¥ 18 J& ( Methylotenera) .
Arcobacter , Pseudarcobacter , Mycobacterium 1 Methylo-
tenera TEANIA]Z2T AN [R] 1.2 Be v 9 =F B A7 A6 0 2
% 2 5 (p<0.001) ; Methylophilus . Acinetobacter Fl
Pseudomonas 3= FEAFTE & 25 5 (p<0.05) ,
2.3 BENRBERAE

SRR 7K A 3 v P T i T R e -
A o0\ oI DN | 2 219 el S R S R A P e 3
P& (http . //www. mgc. ac. ecn/VFs/) el L P A
PR S DA A IS 2072 DTSN 5 5 Al v 9 6 5 3
o B A o AR R I R A AR DL AN 18] 5
Fis o SR EIR TG KAL) ALk 27 N E A
JEART )& , F0 45 Arcobacter . Pseudomonas Mycobacteri-
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Fig.3 Relative Abundance Histograms/Heatmaps at Bacterial Phylum Level
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Fig.4 Relative Abundance Histograms/Heatmaps at Bacterial Genus Level

um  Acinetobacter . "< 5.}l 18 J& ( Aeromonas ) . JAFT B
J& ( Bacteroides ) | Legionella . 2 i §T 1 J& ( Bacillus ) .
W2 AR ZE AT B @ ( Cloacibacterium ) 453K H &
( Streptococcus ) W ¥T 7 J& ( Enterobacter ) | 17 B 1 J&
( Enterococcus ) J}7E 22 1 J& ( Erysipelothrix ) A7) ve 3
FRAKTE ( Coxiella) R FTF T & ( Fusobacterium) 45 Vi
WRTENA IR ( Leptospira) 085 [T R (Serratia) FEARAT
)& ( Corynebacterium ) %% 32 FQ 1 J& ( Neisseria ) | ST,
W IRARE (Rickettsia ) $1455 T J& ( Bordetella ) (HE /R £
K SR IR ( Yersinia ) W8 IMLFT B4 J& ( Haemophilus ) |

NG & (Vibrio) i Z5ER TR & ( Staphylococcus ) BRFT A
J& ( Helicobacter ) Flifi k& [ # & ( Nocardia)
NGRS EaE S WN =k S g =i E Ty
W EE R Arcobacter . Pseudomonas . Mycobacterium ; £
75 = A = B IR TR E B & Arcobacter Acinetobacter
F1 Aeromonas, Arcobacter P ) Vg X R = B FT
(A. cryaerophilus) AR RS IEATE (A, butzleri) ST
SR (A, skirrowli ) JE Y 7] 3 BOBRYS | MLAE 55
Yl . Pseudomonas HY B 4T 23R BA T T (P. aerugi-
nosa ) 72 HEE 1 Bt NG AR PR BURN 1, L T 51 K A
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TERYY . Mycobacterium J&— 254 2% [CIHPE AR, £2
1 50 Z R A T, Horh A% 5 B R (M. tuberculo-
sis) SRR RFF B (M. leprae) RS2 3 BT B (M.
ulcerans ) APIFBURH , T 250 1 PP E AL Aer-
omonas TEFR5E W o AL AN FE | v g rp M <0 BA H TR
(A. hydrophila) TR N3, 51 % 18 I 9 4 11 gk
b Kruskal-Wallis B HIAG 0 45 5B /R, & Z=RE M
Acinetobacter (p=0. 000 3) ,Aeromonas(p=0.002 7) |
Bacteroides(p=10. 000 3) | Enterococcus (p =0.000 1)
AR F R E R T E

AR T 2B g Rn] W, itk b 202 Arco-
bacter, Mg H T2 Mycobacterium | Acinetobacter
FN Arcobacter , Acinetobacter ™ W #1 2 N S #T & (A.
baumannii ) J&—FHT R AR EOR B, B S E B R
FRMEIEGEAR O, W] 5 R TR IRLAE O N BEAR | B Jik
AR UG | PR T8 B Ge AIR I . — 0 v 324
I& Arcobacter . Aeromonas Mycobacterium , e R AL
B K 5 B JE Pseudomonas | Acinetobacter 1 Arco-
bacter , Pseudomonas "' 1Y P. aeruginosa J2= T8 5 [ ¢
PR SO 1, B T 5| R TR e, R ATH
BEM K, & 5 A0 I B R 1) o LUAR R 25 32
J& Mycobacterium , Aeromonas F Bacillus, %M H B
WK F, EEIRE Pseudomonas F Acinetobacter, 15
Jer £ EJE Mycobacterium F1 Arcobacter, Kruskal-
Wallis 4[] 22 SR 3045 5 B, FAE K T Mycobacte-
rium(p=0. 000 01) | Arcobacter (p=0.000 08) . Aero-

monas(p=0.013 6) Legionella(p=0. 001 1) Strepto-
coccus(p=0.000 2) | Corynebacterium( p=0.000 05) |
Y& (p=0.003 5) Fl Haemophilus(p=0.000 1) #
X R B AR T R R TS K Ul &0l — R AT
IKAEPR T2, 4 R 20 IR 15 2 R0 BR

(EEA R, B A KR — e BB 1
IR W, £ B & Pseudomonas 1 Acinetobacter
Pseudomonas 11§ P. aeruginosa . ¢ 3¢ i ¥ MY P&
(P. fluorescens) 2 JHAR PR (P. glanders) F1ZS
EJH B A (P pseudomallei ) 4 Fp, H
P. aeruginosa &5 B B (1) R B IR 2 — | e ]
IR BIHERG b H-5 AR R G B R T 5%
PFEURTE , — Ak LI, . Acinetobacter {345 i
FRES A B AT (A, calcoaceticus ) . & FEAS B #T 1
(A. lwoffi) BEEANINFTH (A, baumanii) FFMAS)
FFEE (A, haemolytius) BXRASBIFFE (A, junii) (2
BN B FT T (A, johnsondi ) F1HT R B A sh #1117
B, HHP AL baumanii J2&—Fh SR EOR B, BT
IR AR R IAE O N IBER B RFNERZH U IR
TR TR . F AT L, BlE 75 KA B T 21
—RIVAEBREE G RAAH TS IME R, 157K h 48 K
ZH0 JEU AN T REAS B R B O FA K TP U
FE/D 5B TR, 251 B0 T — 8 T 4k 1 Ik
Yo TEH AHEN ARG BRI, Sl Tk 8 — R
T AL BRES & R S AMHEE L 20 BEXTE AR 15K
TR BT AT B ) R BRABCR |

5 o BB K R R X R B

Fig.5 Pathogenic Bacterial Diversity and Relative Abundance at Genus Level

2.4 BARERE K E SN E XM
2.4.1 W MK AT A
X5 7K AR BT Fp G 5 D K R T R R R il

TERA R AT E R (K 6) , KIMTEARBISE 49 M
A R R TR il 4 1A B R H R S 1009% H
ANEEHRNET 2R, KGRk s T
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W Rt A AT TR, 76 3 K F5 U8 Thd i 8lg copies/L, g
i 22 A B R 6lg copies/ L, £ A= 4t 8 38 B 1 5L
A CEIMETES , K A5 B ARG ; 8 it 4 1A T
Bt K FAK 2. Slg copies/L, K [ T T F& ARG 4lg
copies/L, 1] ULi5 7K A B T 25X R #F i A B 4519
EBRBCR . FETG KL IR v g i 4 AT B R0 K W A
PRI SATE AR i A B A5 3G AR AT T B 48U 55 Ak
HEERE L& 25, XAlAEEH THT PCR Y
8 0 43— A - B T ) e B R i R A R 11—
WAy, Dy i U B VESE S e Al S0 3 i B T 45
B 5 R T Bk — L WM HAE TS KA BT b A AE
0L, T KA F T St v e v g i 42 AT 7 5 i 4
7K, 32 R T e v B 4 TR R VR S A 2 A R T
F& AU G R A, TR D KR AT
BT IR R BT B o A SRR BT BB AE R
1 AR A B

B 6 {5/KAbIR) Bl A= AT R/ R T A 2 Al
Fig. 6 Quantity Changes of Legionella pneumophila/
Escherichia coli in WWTP

2.4.2  WEE A AR T XU DAl
X5 K Ak BT P v i 4 AT o MR AT o A
FRE U A (181 7)), e BURAE I AT T A S ok 32
R T AT A% DA T, L il A AT TR ) S DX
TR, AR BAMEA 1 ml/d 5KTE,
HEZK B S A 30t P I il 4 AT R ) R B R AT
PG 1, AN T AT ST A IR E R TR

Fr B AR A (0 i, S P R AR L 2% AT il
AEUEIRE | LA T A S AN TR AL B S FOXURS:
FEAR, AR 0.4 Zida o XF T RIBHT B, B A e XU BS:
AR FERE K FIS P AUBS 9 0. 5, HiAth T2 Bovh
i R XU AR 22 ) 2 AN, XS E5 SRR, K
FFREAE A H 7K I b A B S A3 T P DXL
K 75 GBI A% B S B s D00 i s A AR I
FRA K L2 4 s % T 15 K AL BT P A4 DOl 25 T
A AR KUR: B, T ER D B T
Nl AR S Rl Sy SN YN )
AE , LA PO A XU

B 7 5K A A T R T XU DA
Fig.7 Risk Assessment of Legionella pneumophila/
Escherichia coli in WWTP

3 #ig

AWFSEIE L 168 rRNA M7 J7 1 R GL A T Ik
{5 7K AL BT Hh 4 T RV A I R (2R A2 2R )
23 (8] (AR 5B ERYshASA8 1k o I T 1Y 25 BR A%
SR MY g Jer T R U, A SRR B VS K A B
TSI E] 45 ANEE T, 2R 5 T5 KA BAR SC R T g
W, fil$5 Proteobacteria , Campilobacterota F1 Bacteroi-
dota, 7E 1 180 i J& v, M B 27 ST AE M It 1
J&, BB Arcobacter . Pseudomonas . Mycobacteri-
um Acinetobacter Aeromonas Fl Legionella, %4if— %
GIAL PR A FE TR 7R AR N Y 2 50 e B0 18 5 24
RUIR 5 H K o D TR B A K I A f R XL
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