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Abstract

BACKGROUND: Contaminated water was a major source
of food-borne pathogens in various recent fresh produce-
related outbreaks. This study was conducted to investigate
the microbial contamination level and correlations between
the level of sanitary indicator bacteria and the detection ratio
of pathogens in agricultural water by logistic regression
analysis.

METHODS AND RESULTS: Agricultural water was
collected from 457 sites including surface water (n=300 sites)
and groundwater (n=157 sites) in South Korea from 2018 to
2020. Sanitary indicator bacteria (total coliform, fecal
coliform, and Escherichia coli) and food-borne pathogens
(pathogenic E. coli, E. coli O157:H7, Salmonella spp., and
Listeria monocytogenes) were analyzed. In surface water, the
coliform, fecal coliform, and E. coli were 3.27+0.89 log
CFU/100 mL, 1.90+1.19 log CFU/100 mL, and 1.39+1.26
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log CFU/100 mL, respectively. For groundwater, three
kinds of sanitary indicators ranged in the level from 0.09 -
0.57 log CFU/100 mL. Pathogenic E. coli, Salmonella and
Listeria monocytogenes were detected from 3%-site, 1.5%-
site, and 0.6%-site water samples, respectively. According to
the results of correlations between the level of sanitary indi-
cator bacteria and the detection ratio of pathogens by logistic
regression analysis, the probability of pathogen detection
increased individually by 1.45 and 1.34 times as each total coli-
formand E. coli concentration increased by 1 log CFU/100mL.
The accuracy of the model was 70.4%, and sensitivity and
specificity were 81.5% and 51.7%, respectively.
CONCLUSION(S): The results indicate the need to manage
the microbial risk of agricultural water to enhance the safety
of fresh produce. In addition, logistic regression analysis is
useful to analyze the correlation between the level of sanitary
indicator bacteria and the detection ratio of pathogens in
agricultural water.

Key words: Agricultural water, Food-borne pathogens,
Indicator bacteria, Monitoring, Water quality
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Sample type
® Stream water
¢  Groundwater
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Fig. 1. Geographical map and sampling sites of the Republic of Korea.
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Table 1. Concentration of indicator bacteria in stream water

Locati S No. Total coliform Fecal coliform E. coli
0Ocation eason
DY ND" Mean + SD 9 Range Mean + SD  Range Mean + SD  Range
April 2 30 2.84+1.25° 0-4.74 1.13+1.40° 0-4.31 0.98+1.59° 0-4.59
Gyeonggi July 10 22 4.05:0.39° 3.04-4.65 3.36:0.70° 2.00-4.72 3.27+0.88* 0-4.65
October 2 30 3.96:0.42° 3.41-4.87 2.47+0.89° 0-4.25 1.87+1.26° 0-4.00
April 1 33 3.00£0.67° 2.00-4.88 0.68+1.18° 0-3.69 0.37+1.04° 0-3.72
Gangwon July 1 33 3.32+0.94% 0-4.94 2.09+1.13 0-4.32 1.69+1.30° 0-4.08
October 4 30 3.50+0.80" 0-4.76 2.14+0.94° 0-3.56 2.04+1.14° 0-3.82
April 2 54  2.70+0.86° 0-5.00 1.12+1.20° 0-3.50 0.65+1.12° 0-3.46
Chungbuk July 3 53  3.21+0.50° 1.42-3.84 1.82+0.88° 0-3.47 1.85+1.11% 0-4.00
October 5 51  3.58+0.75" 0-4.88 1.98+1.05" 0-4.36 0.99+1.11° 0-3.41
April 0 43 3.2441.50° 0.6-5.00 1.57+0.92° 0-3.00 1.44+0.98" 0-3.00
Chungnam July 4 39 3.31+0.43° 1.61-4.03 2.38+0.79% 0-4.30 1.84+1.04* 0-4.58
October 2 41 3.31+0.29" 2.38-3.87 2.46+0.90° 0-3.77 1.65+1.32° 0-3.69
April 5 26 2.9440.62° 1.26-3.62 1.29+0.94° 0-2.96 0.80£0.89°  0-2.24
Jeonbuk July 2 29 3.00+0.64° 1.50-4.05 1.96+1.20° 0-3.74 0.90+1.10° 0-3.41
October 9 22 2.24+0.66° 0.79-2.88 0.64+0.62° 0-1.65 0.39+0.45° 0-1.29
April 5 32 2.75:0.81° 0-4.20 1.11+0.88° 0-2.82 0.63£0.79° 0-2.89
Jeonnam July 2 35  4.00+0.34° 3.24-4.77 3.06:0.66 1.28-4.63 2.03+0.84 0.10-3.77
October 4 33  3.55:0.51° 2.24-5.04 2.16+0.71° 0.10-3.42 1.49+0.79° 0-3.11
April 1 27 3.30£0.99° 0-5.00 2.37+1.16° 0-3.84 2.00+1.35 0-3.47
Gyeongbuk July 1 27 3.3440.42° 1.58-4.08 3.22:+0.40° 2.38-4.71 2.95+0.53 2.15-4.63
October 0 28 3.61+0.39" 2.96-4.39 1.59+0.91° 0-2.94 0.69+0.90° 0-2.36
April 1 38  3.05+1.25% 1.00-5.00 0.99+0.79° 0-3.00 0.74+0.63° 0-3.00
Gyeonnam July 1 38 2.69+1.18" 0-4.11 1.66+1.38% 0-4.00 0.90+1.16  0-3.43
October 0 39 3.48+0.90° 0-4.54 2.17+0.91° 0-4.14 1.26+1.04° 0-3.59
April 17 283 2.96+1.06° 0-5.00 1.26+1.15° 0-4.32 0.92+1.16° 0-4.60
Jul 24 276  3.38+0.77° 0-4.94 2.43+1.11° 0-4.73 1.93+1.26% 0-4.66
Total y
ota:
October 26 274 3.430.77° 0-5.05 2.00+1.02° 0-4.36 1.31+1.16° 0-4.01
Total 67 833  3.27+0.89 0-5.05 1.90+1.19 0-4.73 1.39+1.26 0-4.66

¥ Number of pathogen detected sites, ¥ Number of pathogen not detected sites, © Log CFU / 100 mL = logl0(number of colony
forming unit / volum of sample(mL) * 100), Letters represent means separated at p <0.05, Duncan’s multiple range test

Table 2. Concentration of indicator bacteria in groundwater

. No. Total coliform Fecal coliform E. coli
Location ~ Season ) ) )
D® ND ” Mean + SD © Range t-test (p) Mean + SD Range t-test (p) Mean + SD Range t-test (p)
. April 0 20 0.20+0.46 0-1.88 0.03£0.15  0-0.69 0.03+0.13  0-0.60
Gyeonggi 0.080 0.163 0.323
July 0 20 0.66+1.03 0-4.06 0.34+0.93  0-3.95 0.23+0.89  0-3.98
April 0 19 0.36+0.82 0-2.58 0.01£0.06 ~ 0-0.30 0.0240.10  0-0.47
Gangwon 0.003 0.204 0.21
July 1 18 1.65+1.49 0-3.88 0.24+0.73  0-2.69 0.26+0.77  0-2.60
April 0 20 0.08+0.30 0-1.36 0.03£0.15  0-0.69 0.05+0.24  0-1.07
Chungbuk 0.308 0.334 0.343
July 0 20 0.20+0.39 0-1.43 0.15+0.50  0-2.05 0.2240.72  0-2.96
April 0 19 0.03+0.13 0-0.60 ND. 9 N.D. N.D. N.D.
Chungnam 0.048 - -
July 0 19 0.34+0.63 0-2.07 0.12+0.37  0-1.27 0.05£0.23  0-1.04
April 1 19 0.86+1.24 0-3.18 0.08£0.35  0-1.53 N.D. N.D.
Jeonbuk 0.265 0.014 -
July 0 20 1.27+0.93 0-3.01 0.60+0.78  0-2.10 0.16+0.43  0-1.47
April 0 20 0.88+1.05 0-3.34 0.03£0.16 ~ 0-0.71 0.06+0.28  0-1.25
Jeonnam 0.006 0.007 0.097
July 0 20 2.01+1.35 0-4.22 0.46+0.59  0-2.00 0.2940.52  0-2.15
April 0 20 0.09+0.33 0-1.50 N.D. N.D. 0+0 0-0
Gyeongbuk 0.528 - 0.33
July 0 20 0.17+0.47 0-1.75 0.15£0.41  0-1.47 0.04+0.20  0-0.90
April 0 19 0.18+0.57 0-2.30 0.09£0.37  0-1.55 N.D. N.D.
Gyeonnam 0.689 - -
July 0 19 0.11+0.34 0-1.32 N.D. N.D. N.D. N.D.
April 1 156 0.34+0.77 0-1.56 0.04£0.20  0-1.56 0.0240.15  0-1.25
<0.001 <0.001 0.003
Total July 1 156 0.80+1.14 0-4.23 0.26+0.62  0-3.95 0.16£0.56  0-3.99
Total 2 312 0.87+1.00 0-4.23 - 0.15+0.48  0-3.95 - 0.09+0.41  0-3.99 -

% Number of pathogen detected sites, ¥ Number of pathogen not detected sites, © Log CFU / 100 mL = log10(number of colony
forming unit / volum of sample(mL) * 100), 9 Not detected
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Fig. 2. Density of indicator bacteria in agricultural water. (A) Indicator bacteria in stream water

(B) Indicator bacteria in groundwater.
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Table 3. The average of rainy days and rainfall in Republic of Korea
April July October
Year ¥ Location Rainy days Rainfall Rainy days Rainfall Rainy days Rainfall
(days) (mm) (days) (mm) (days) (mm)
2019 Gyeonggi 9.2 442 15.3 231.5 5.3 54.6
2019 Gangwon 8.2 58.4 14.6 208.55 7.85 153.85
2020 Chungbuk 3.8 29.2 19.8 411.3 2.6 74
2020 Chungnam 47 20.6 19.0 449.5 3.3 929
2018 Jeonbuk 10.4 131.6 6.4 178.7 10.0 132.3
2020 Jeonnam 5.1 69.1 18.6 391.7 2.4 221
2020 Gyeongbuk 5.4 35.2 19.0 412.7 2.9 44
2020 Gyeonnam 57 67.5 195 600.1 2.8 21.9
Total 6.6 57.0 16.5 360.5 4.6 50.8
%) years of sampling
Table 4. Number of pathogen detected sites in agricultural water in Republic of Korea
Stream water Groundwater

Location  Season n Pathogenic Salmonella Listeria n Pathogenic Salmonella Listeria
E. coli spp. monocytogenes E. coli spp. monocytogenes

April 2 (6.3%) N.D. ¥ N.D. N.D. N.D. N.D.
Gyeonggi  July 32 7 (21.9%) ND. 3 (9.4%) 20 ND. N.D. N.D.
October 2 (63%)  N.D. N.D. N.A. Y N.A. N.A.
April N.D. 1 (2.9%) N.D. N.D. N.D. N.D.
Gangwon July 34 N.D. 1 (2.9%) N.D. 19 1 (5.3%) N.D. N.D.
October 4 (11.8%) N.D. N.D. N.A. N.A. N.A.
April 2 (3.6%) N.D. N.D. N.D. N.D. N.D.
Chungbuk  July 56 3 (5.4%) N.D. N.D. 20 N.D. N.D. N.D.
October 5 (8.9%) N.D. N.D. N.A. N.A. N.A.
April N.D. N.D. N.D. N.D. N.D. N.D.
Chungnam  July 43 4 (9.3%) N.D. N.D. 19 N.D. N.D. N.D.
October 2 (4.7%) N.D. N.D. N.A. N.A. N.A.

April N.D. 5 (16.1%) N.D. N.D. N.D. 1 (5.0%)
Jeonbuk July 31 1 (3.2%) 1 (3.2%) N.D. 20 N.D. N.D. N.D.
October 2 (6.5%) 6 (194%) 1 (3.2%) N.A. N.A. N.A.
April 2 (5.4%) 2 (5.4%) 1 (2.7%) N.D. N.D. N.D.
Jeonnam July 37 1 (27%) 1 (2.7%) N.D. 20 N.D. N.D. N.D.
October 2 (5.4%) 2 (5.4%) N.D. N.A. N.A. N.A.
April 1 (3.6%) N.D. N.D. N.D. N.D. N.D.
Gyeongbuk  July 28 N.D. N.D. 1 (3.6%) 20 N.D. N.D. N.D.
October N.D. N.D. N.D. N.A. N.A. N.A.
April N.D. N.D. 1 (2.6%) N.D. N.D. N.D.
Gyeonnam  July 39 1 (2.6%) N.D. N.D. 19 N.D. N.D. N.D.
October N.D. N.D. N.D. N.A. N.A. N.A.

April 7 (2.3%) 8 (2.7%) 2 (0.6%) N.D. N.D. 1 (0.6%)
Total July 300 17 (5.7%) 3 (1%) 4 (1.3%) 157 1 (0.6%) N.D. N.D.
October 17 (5.7%) 8 (2.7%) 1 (0.3%) N.A. N.A. N.A.

Total 300 41 (13.7%) 19 (6.3%) 7 (2.3%) 157 1 (0.6%) N.D. 1 (0.6%)

 Not detected, ® Not analyzed
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2 IRIFITL Salmonella spp.>- 457417 & 16451(3.5%)
oA AZESITE o] T 37] AFelxl= 487 10€0] 520
2 AFH o] F 193172 Salmonella spp.7} w257 = 3Tk
Salmonella spp.= AEToMw HAEH9, 49 2.7%AH
(8/300), 72 1%+1%(3/300), 102 2.7%+17(8/300)°1 H=&
=3Itk L. monocytogenes= 4574173 % 84151(1.8%) M #
930, A 9% HEARS /ISl L monocytogenes
= Aol 420 0.6%413(2/300), 72 1.3%*15(4/300),
10¥ 0.3%A131(1/300)°14 H=EH 1AL, Askrolr= 44 0.6%
A7(1/157)°1F AZHUL, 78S HESA Y9tk 2 Al
M Fd AReA 28 o] ASEAlto] B4 HEHEE A
= itk
A AnE SRR T A5t 3% B AEke
(0.6%, 2/314) K} A 3E(7.4%, 67/900)°14 =2 RIEZ
AEHY, YN E cold3.5%, 42/1214) > Salmonella
spp-(1.6%, 19/1214) > L. monocytogenes(0.7%, 8/1214) <
0% FA HEESGITE AugpolM APPE Fo et AE
W=E Wi B E coli= 79(5.7%, 17/300) = 109(5.7%,
17/300) > 48(2.3%, 7/300) =22 =431, Salmonella spp.
= 4902.7%, 8/300) = 10¥(2.7%, 8/300) > 79(1%,
3/300) =% =%tk L. monocytogenes= 79(1.3%,
4/300) > 49(0.7%, 2/300) > 102(0.3%, 1/300) <> =
AFERET} =30 ARl Fo AF5Ae A A
ZWEE 10¥€(8.7%, 26/300) > 724(8%, 24/300) > 49
(5.7%, 17/300) <o A AN 5985 Wl 4%
At HAEWE JEs F 5 e 1S SAARAN
W R E 2, olgetd 4, A, oMise E%
%, QR 5 5ol 3lrH26-36]. ML PIAE s A A
Fgo] 7P Fash eaw Agsitta dA lEd|[30-
36], M mAE HAEAYNE 2Y ABA AT vt
o] B 293 A HERIETF =0Tk 2018
d AEXA 49(131.6 mm)¥} 10€(132.3 mm), 2019\ 7
A9 104(132.3 mm), 2020 AHAS 4€9(69.1 mm)
AL O Aol el %S RS B33(Table
3), B4 vAE AESWET e AR Fo} Aol

AT AR AEel 4T TS A ow BAHI AR
F541% 109(7.4 mm) ZARAR 3 o] Wt HERET}
FARE i AL ARE A vl 2 9
of B 2RIk By HEel Hoals Aow Bl

ALK EMT s=2t MS=MT dEnte 2y

ATEAT AEAT 2HEAR D A RAE B
Zfo]i= Table 50 Wbt St at £/ g
4931 790 ATEHAR HEAHAN B w2 AE ¢
T A(p <0.05), 108el= AT Edel wWE Ui
zko)7F SITHp >0.05). E. coli= 7800 2l5=5Ad HEX
Aelld E7b =7 UstAWHp <0.05), 497 10€el= 2
Al 28] mE Wi A7k /ISt (p >0.05).

ARBAZANE T wE ATEAT HE ASEE
5 ¥ AICE 7]k R feojulsh MR Foldtd(TO) 2
E. col{EQ)E A7ate] #F RS 7538ith 7549 3
AR ()¢ 2ar 2ol e Arte AATAT 5
Fof wE AFEATE AEEES )% Lk

g M

4 _ —
log(l—_p)— 4.31+0.35+TC + 0.27 + EC @
_ 1
p= 1+e—(—4.31+0.35*TC+0.27*EC)' (3)

Wl =AM (odds ratio)E EUPdTo] 1.42(95%
ClI, 1.09-1.93), E. coli’} 1.3(95% C.I, 1.06-1.7) .= At
Heltk A3 A ehd ST S E coli WY ST}
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5 AR 918 ROC AXE AAskolh Fig. 38 2d
AUC (area under curve) %] 0.704=Z AUC %ol 0.8 ©]s}
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Table 5. Comparison of the concentration of indicator bacteria between the pathogen detected site and not detected site

Total coliform Fecal coliform E. coli
Season Detected delti(c)ffe d t—(t;)s t Detected delt\elgtte d t—(t;)s t Detected delt\ehc):tte d t-(t;)s t
April 3.26+1.10 1.96+1.59  <0.001 2.06£0.92  0.76+1.07 <0.001 1.65£1.23  0.55+0.99 0.003
July 3.6540.69  2.39+1.55  <0.001 2.7441.11 1.59+1.41 <0.001 2.48+1.16  1.22+1.34 <0.001
October  3.3240.68  3.44+0.77 0.403 1.78+0.94  2.02£1.03 0.243 1424112 1.30+1.17 0.622
Total 3.4310.81 2494153  <0.001 2.21+1.08 1.38+1.30 <0.001 1.88+1.24  0.99+1.22 <0.001
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Fig. 3. Receiver operating characteristic curve (ROC) for prediction of pathogen appearance based on concentration

of indicator bacteria.
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Table S1. Pathogenicity of E. coli isolated from agricultural water

Location Season Type Sample name Pathogenic gene Pathotype
April Stream water ~ GG-521 bipA Enteropathogenic
Stream water GG-522 aggR Enteroaggregative
Stream water GG-55 eaeA Enteropathogenic
Stream water GG-56 eaeA Enteropathogenic
Stream water GG-57 eaeA Enteropathogenic
Gyeonggi July Stream water GG-513 bipA, eaeA Enteropathogenic
Stream water GG-518 eaeA Enteropathogenic
Stream water GG-528 paH Enteroinvasive
Stream water GG-529 ST Enterotoxigenic
October Stream water GG-512 ST Enterotoxigenic
Stream water ~ GG-526 VT1 Enterohemorrhagic
July Groundwater GW-538 eaeA Enteropathogenic
Stream water GW-564 eaeA Enteropathogenic
Gangwon Stream water GW-565 eaeA Enteropathogenic
October
Stream water GW-566 ST Enterotoxigenic
Stream water GW-556 nV Enteroinvasive
April Stream water CB-581 eaeA Enteropathogenic
Stream water CB-5% E. coli O157:H7 ? Enterohemorrhagic
Stream water CB-595 VT2, Stx2 Enterohemorrhagic
July Stream water CB-5108 eaeA Enteropathogenic
Stream water CB-5117 eaeA Enteropathogenic
Chungbuk -
Stream water CB-574 eaeA Enteropathogenic
Stream water CB-580 eaeA Enteropathogenic
October Stream water CB-593 eaeA Enteropathogenic
Stream water CB-5119 LT Enterotoxigenic
Stream water CB-5120 LT Enterotoxigenic
Stream water ~ CN-S123* * LT Enterotoxigenic
July Stream water CN-5125 eaeA Enteropathogenic
Stream water CN-5144 eaeA Enteropathogenic
Chungnam i
Stream water CN-5165 eaeA Enteropathogenic
Stream water CN-S5123* ST Enterotoxigenic
October
Stream water CN-5126 ST Enterotoxigenic
July Stream water  ]JB-56 eaeA Enteropathogenic
Jeonbuk Stream water  JB-514 eaeA Enteropathogenic
October
Stream water JB-519 eaeA, inV Enteroinvasive
. Stream water JN-57* ST Enterotoxigenic
April Stream water  JN-59 ipaH Enteroinvasive
July Stream water  JN-S7* eaeA Enteropathogenic
Jeonnam Stream water JN-510 E. coli O157:H7 Enterohemorrhagic
Stream water S8 E. coli O157:H7 Enterohemorrhagic
October Stream water ~ JN-523 eaeA Enteropathogenic
Stream water ~ JN-529 eaeA Enteropathogenic
Gyeongbuk April Stream water GB-5235 LT Enterotoxigenic
Gyeonnam July Stream water GN-589 ST Enterotoxigenic

% Seasonal continuous detection, ® Positive result by Chromogenic 0157 Media
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