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Abstract To reduce the harmful effects of two benzimidazole fungicides, benomyl and carbendazim, we
isolated two bacterial strains degrading the fungicides via enrichment culturing procedure. The rep-PCR band
patterns and 16S rRNA gene sequence analysis identified the strains as Rhodococcus sp. 3-2 and
Rhodococcus sp. 6-2. The two bacterial strains degraded 75 mg/L of benomyl and 235 mg/L of carbendazim
in the minimum salt medium by more than 96% within 60 hr through an unknown metabolite. The soil
application experiment demonstrated that strain 3-2 decreased 30 mg of benomyl and carbendazim/kg by 78—
82% within 10 days compared with 25-32% in the uninoculated control soils. The fungal spore germination
test was also conducted using Penicillium roqueforti to evaluate the toxicity of the degradation products of
benomyl and carbendazim by the strains, which showed that the two bacterial strains completely detoxify the
fungicides. These results shows that strains 3-2 and 6-2 can be utilized for the detoxification of soils
contaminated with residual benomyl and carbendazim.
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I FEZoNA A2 4 AthGevao et al., 2000). 2017
W DDT A4 2Hs5o] 2 o2 DDT 17 EYS #ol A
FHoto] ARte® Hold Aog = Qi

W= (Benomyl)> Methyl [1-[(butylamino)carbonyl]-1H-
benzimidazol-2-yl|carbamate (CAS No. 17804-35-2)¢] &
= 7K & WA v T2 (benzimidazole) A 24 33
olof oJste] WA s= ] WAl =2 WA a3t Qo 2
F, AL, Yo 5 Tpeksk Holo] AR-E T AtH(Yoon and
Ko, 2019). ¥1H W:==-& v]=F 3173 B &= (Environmental
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Protection Agency, US EPA)¥} AAIRFARA7]=(World
Wildlife Fund, WWE)el| oJ8l 2% 7k, WEr]A] XPOH
5 2=, —‘?%, AL A7 g e 7/l @

= =d= EFH] rk(Park, 2009). 3 7&7H%ﬂ(Hyza
Japonica)®] WY 0]— b A" o) (Lumbricus terrestis), ©|2] -&
o (Amblyseius fallacis) 5 MENAE 43+ A=A A
W02 DAl fal RS 20 1 ApEol it
(Nakashima and Croft, 1974; Stringer and Wright, 1976;
Ko, 2013). Hl:=d-2 $40x A 7l =o] 7RiITH
(Carbendazim)® = ¥zl o] o] woF] faEda &
4] JATH(Yoon and Ko, 2019). W&hA] #lxE-e F4HE0]
U 33614 AESE A9 A9 glont Arkael 7

© AR S A ¥Es) 2o Eoko E_LE]
kU }‘E}(Knn et al., 2015; Kim et al., 2017; Hwang et al.,
2019).

EG W sk AAs] S8l thdet sl A=A
ok EEsiehA e o] o wEths el 1o
U o|A] AR B HEo] Bol £1, A3t & g7
ek FaFol SAE = Uk v B ES o] &3 A=
2 7§§P 71eE LA A g0 Ago] Thsatal ¥

A7AA Felgt AR 3] Zall 7hssithe olfe] 3
2‘% ol gl gk Sl EA4E vetele Aol &
L3l (Morillo and Villaverde, 2017).

mEhA] 2 AFoxe wxg B oweEe] EejiER
WSk 7T S Eallete Vé‘%—% st 545
THATE g wx=d 13
Penicillium roquefortis ©|4

<

of

2 Aol ARE Hxde @EEchsdr A=
96.8%)5 Az tom FpITdE Alanb-dE=gx] Al
(Sigma Aldrich, USA)S ujal] AR&-3FITE. Algel A€
acetone’} acetonitrile (ACNY2> HPLCH A|2FS AR-3F3
t}. 2HA 9] F5%E Shimadzu HPLC (SCL-10Avp, Shimadzu,
Japan)° YMC-Triart C18 23 (150x4.6 mm, YMC Japan)
S =sle] PDA (photodiode array detector) AZ&7]E ©]
L3 B39 o5 ACNiwater=7:3, 32 0.7
mL/min® 2 3} # =L 286 nm,, 7HAthE-S 281 nmol|
A FREE SAEA.

EY AEE 10 g& A3t ACN 15mLE #7530
B Fol wuksllon i A= ACNe=E 24 34 &=
02 um A#A] BHE o]&al oJ#sk & HPLC 4
o] ARg-sk3AT.

N

B¢ tgS S - 2o 0jd=9 -E—EI
Hi=g &l vdEe] B8 fs A= 4970 A E
Fe AR L o A2 v v gAY Tk

7} 50 mg/kge] HESE St EY vAEY] 24 F
A& Y8 2 (Trifolium  repens), 527 (Pennisetum
glaucum), A Z(Siberian chrysanthemum)s 2 A5t &
Aol A S vl ¥(Soil enrichment) I3 TH € F7]12 ¥
29 FE5 FUHYS 57t HE A e 3
ZE S W EF IFE AHH3 50 mg/Le] wi=Eeo] 7t
H F 24 ¥iA](mm; minimum salt medium)ol] %7 vl 3
TE faE #Esith HamA e 2L el
Na,HPO, 12H,0 3.58 g, KH,PO,, 1.361 g, (NH,),SO, 0.3
g, MgSO,-7H,0 0.05 g, CaCl,'H,O 0.0058 g, yeast extract
0.01 g3} trace minerals 10 mL, vitamin solution 1 mL& 3

78l HE F97F 1 L7 H5F S THA et al, 2016).
WA v oA F- 33519 A wjF F< T TalvE I
=™ R2A agar (Difco, USA) viA|ol] =2, 28°CollA] vl %
3 F2Y e B2 ©d F2YE &5 LElETh

171 913l rep-PCR 2 7] 45 F3J3lo] DNA =
Hel-g B3kt PCR ¥H-2 GoTaq® DNA Polymerase
(Promega, USA)E ARE-3}913 ZEFO|HZA(GTG)E AR
Sl ThJarocki et al., 2016). 91714 M= T2 4F= HAtk
¥ 16S rRNA F37 242 58l 578 2 Addate] o
ol ARE-3I9ItE 16S tRNA #3174 PCR WY ¥ AlE=
A HHL o)A A W (Ro et al., 2016)2 Wit

gl #5¢ FHA wgRde skl flE 96-well
plated]] R2A WiX S 78k FH-(0-4.0% NaCl), pH (3.0-
12.0), % Ws}8-30°C)ell mE 84S FET +4(600
nm)2 535 A5 tH(SpectraMax 340, Molecular Devices,
USA). 7H- ek29d HARS 918 API 50 CH kit (bioMérieux,
France)g ©]&3] thsh etAdd A4 55 st

At

r—ln:_l

HiX| 2t EQFOAM H=T R FHACIE E2af AH

el w5 dtAl Zal 24 AIES Sl Ed ]
mL glass tubed] FH24& #1A] 3mLE 7| wlx=d, 7hiich
o] FEE 77 75mg/l, 35 mgllyt HEE #E 4
= 37k 2AE Al ARSI EelE o

TE 0.85%
NaCl 2 mLell %= 9.5 McFarland unit2 &E$F F 100 pL

F|II

{o

()]

= s 2AS WAo) A7 he@HE 108 cfmL) 28°C,
150 rpmol|A] ¥ Fste] Al7del| wE AA] 5 TAE
A3,

B Ba) 59S Az 98 Fnsaastd A8



HIX[0[CHEA oA H=2ap 7

4 U EYF 500 g F3 wl=dst 7
mgkeol HEE HUKS & B 458
% 0.2 McFarland unit®. 2 &3k o 50

A

Z 6.0x10° cfu/g) 28°CollA] HASAA A7t M2 F
AAE AASIT B Bl 52T £
A B (RDA, 20178 F-&a1om, A3 B
S 2l 42.6%, AE 38.1%, DE 19.1%2] YEZA pHE
6.5, T

S, FEEFS 1234%, 7718 FHS 1939 gk, FHE
P2 0.17%, FEAHS 446.63 mykgR LIERTE

noi'
r1o

H- 2alittE S GIIE 28t SF0| ZXt Lot AlE
= Eef § 3 Eejikze] w3l ARl mAls

IS H7e] sl EAp ol ARE AAlsith |
) # 2> ¥A] 3 mLell PDB(potato dextrose broth) 0.072 g

A
E3te) =7 (mm+PDB)E 3l3. 2) mm+PDB| uﬂb%

N,

[

50 mg/LE 713t wiA] (mm+PDB+benomyl)2}t 3) =

50 mg/L7F 3+ H4 wiR|o| A vl EelldT HE
9] HHO]: o_}']oﬂ PDBE Egoz 247}5]- HHX](%L—,—+mm
+benomyl+PDB)E 4|8}, Penicillum roqueforti KACC
471962 PDA(Potato dextrose agar) B =]olA] 28°CollA4] 10
A o et ¥ 0.05%2] Tween 800] E3Hd Ha<ol
GIAS o]&ato] 10* spores/mLo] HEE EAE HES
ATk 9ol 2=AE wiA] 190 pLoll Ez} GRS
Eg3 5 96 well plateol]l 7F8}aL 28°ColA] x| ul Fshd
A AZbl| wE 24| Wol AEE 580 nmolA FEEE
ZA43te] Wrtstat. B3k 75 A A% /N &
JAE TAHCE AFa] S8l A HelE #£471%
< &8ste] g F%Y TEE #(ODsg)yS U= o
SHE ¢ 714 (paired t-testyS F AT}

s
= Nk
WY EdRe MY ¥ 5

Wi EF W 2RE ¢4 PE @ 3 WeEg
B STRE ddSen 234 FULE it

[€)
T3t th(Fig. 1). L A3, 3-1-1, 32
%7} %%oh 14-2, 15-1, 62 #57}F 5 %
wo] 329} 6-2 5 WEeR ¥ A
FEFel 165 RNA fA @19
Rhodococcus & % 4753 FAMIS YERIS
3| Rhodococcus degradans CCM 4446 2 Rhodococcus
gingshengii JICM 154473} 99.9%2] S-AFES VeI tH(Fig.
2). Rhodococcus %2 -7 LF EFolA &3l a4E o
43l ring-dioxygenation, ring-monooxygenation, methyl
| ofelf gshrad cH=ds AT
2akg]

a2

—

LS
ng

monooxygenation &
T Ue FeE Z d#A Uth(Kim et al., 2018).

= Rhodococcus sp. #FE0| 2| U EN 2N 165

Fig. 1. rep-PCR band patterns of isolated benomyl-degrading
bacteria. * M, 100bp ladder; 1, strain 3-1-1; 2, strain 3-2; 3,
strain 14-2; 4, strain 15-1; 5, strain 6-2.

4T 5 32 475 9 sS4 vAE2d 7IEgH s
KACC 92274PZ 71813199 3-2 43¢} 6-2 452 168
RNA §34F 47192 w5 =g A& BAE (NCBDl
717} MIN4938449F MN4938452] W& 2 52313t}

32 59k 62 #4 HA wjd 24E& 7] sl
AAsiery 548 T8I 7 47 BT R2A A
oA st A4S B3O, 32 45 0-7% NaCl, 8-
40°C, 4.0-12.09] pHellA “37e] 7Fs3FH 0% NaCl, 28°C,
pH 6.0014 &7 37¢& el 1 62 45+ 0-6%
NaCl, 8-40°C, 4.0-12] pHolA A7o] 7hadhe Eelsia
©1 0.5% NaCl, 35°C, pH 8|4 2% 472 Jehfsich
API 50 CH #4] kits o] 83l ©ad 49%<] s F +
9 ol g 7FeAe BAS A 3-2, 62 ¥ EF D-
trehaloseg A €J3aL 71 ©rage] o] LTS &9l
3 TtH(Table 1).

BR[Ol A W= R FHAICHE 23)

W =g 7HRa] 2 uAEe] gialehgel <& TRt
Aoz Rl o] Egk FFAH FAo] Ao HEs
A2]7} ZQ3ltH(Yarden et al, 1985; Lim and Miller,
1997). WehA, £ AFolxe 9 3-2, 62 455 75
mg/Le] W=} 235 mg/Le] ThitkE S E 3l Aiﬂlw
o FEste] 60x7kell AA wjgsieh. W=Ee] 75 60
A7 B i 2TFE 9F 36.3% A% 7 éﬂ w3
T 272 97.7%, 99.8% ode] Hxd HAE Ko,
7Y A9 tETE, 3-2, 625 22 17.9%, 99.5%,
96.2%2] Z}i‘é YeR A THFig. 3). ﬂﬁ—ﬁrfﬂ e 124
ZE o] Fo] HEd 3-2 @57 M, JPITHEE 124]
7+ 3 242y 97.5%, 73.2% Qif\l?iotﬂ 6-2°] 739 77}
94.6%, 81.1%% Z+A7F 3RIEUT}E. o= Rhodococcus
jialingiae djl-6-25 ©]-&3l 60A17F Y2 53 100 mg/Le]
Tt S 94% A 7H(Wang et al., 2010), Rhodococcus sp.
D-1 & ©]&3) 200 mgLe] M-S 2% Al 56.7% A7+
(Bai et al,, 2017) 52 Aol Hla) -3 Fal] E/go|t}.

I 3291 6-2 +F
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Table 1. Carbohydrate utilization of the benomyl-degrading bacter

RS - 0lyS -

ro
0%
10
2
=
o
ro
=
og

ial strains based on API 50 CH test

Rhodococcus sp. Rhodococcus sp.

Rhodococcus sp. Rhodococcus sp.

3-2 6-2 3-2 6-2
Glycerol - - Salicin - -
Erythritol + + D-cellobiose - -
D-arabinose - - D-maltose - -
L-arabinose - - D-lactose - -
D-ribose - - D-melibiose - -
D-xylose - - D-saccharose - -
D-xylose - - D-trehalose + -
D-adonitol - - Inulin - -
Methyl-f D-xylopyranoside - - D-melezitose - -
D-galactose - - D-raffinose - -
D-glucose - - Amidon(starch) - -
D-fructose + + Glycogen - -
D-mannose - - Xylitol - -
L-sorbose - - Gentioniose - -
L-rhamnose - - D-turanose - -
Dulcitol - - D-lyxose - -
Inositol + + D-tagatose - -
D-mannitol + + D-fucose - -
D-sorbitol + + L-fucose - -
Methyl-o. D-mannopyranoside - - D-arabitol + +
Methyl-o D-glucopyranoside - - L-arabitol - -
N-acetylglucosamine + + Potassium gluconate + +
Amygdalin - - Potassium 2-ketogluconate - -
Arbutin - - Potassium 5-ketogluconate - -

Esculin ferric citrate - -

* Mark + and — means positive and negative reactions, respectively.

100

86

82

Rhodococcus degradans CCM 44467 (JQ776649)
Rhodococcus baikonurensis GTC 10417 (AB071951)

Rhodococcus sp. 3-2
Rhodococcus gingshengii JCM 154777 (LRRJ01000016)

Rhodococcus sp. 6-2
Rhodococcus erythropolisNBRC 155677 (BCRM01000055)

Rhodococcus globerulus NBRC 145317 (BCWX01000023)

Rhodococcus kyotonensis JCM 232117 (jgi.1102284)

100

55
79

Rhodococcus yunnanensisNBRC 1030837 (BCXH01000047)
—— Rhodococcus cerastii C5T (FR714842)

0.005

—E Rhodococcus fascians LMG 36237 (JMEN01000010)
8 Rhodococcus cercidiphylli YIM 650037 (EU325542)

Nocardia niwae NBRC 108934 (BDCK01000073)

Fig. 2. Neighbor-joining tree based on the 16S rRNA gene sequences of the benomyl-degrading bacterial strains and related type

strains.

1 9] Rhodococcus erythropolis djl-112 ©]-83] 1,000 mg/
Le] 7tz €] AAE W71 Al Qlo] 2 Aol &
FE #7577 0 52 FEAME A& 7ol g Ao

2 AAEtH(Zhang et al., 2013).
3-29F 6-2 #oll oJgh W=t Thithy e FelitES
zAFeE7] 918l 0A17E, 24X17F, 60A17F141¢] HPLC A&
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Fig. 3. The concentrations of (A) benomyl and (B) carbendazim in minimal salt media during the growth of strains 3-2 and 6-2.

“Control” indicates the same medium where the bacterial strains were not inoculated. Error bars indicate standard deviations of the
mean (n=3).

RIS B4 A, 240070 )% Al HTE A 2.4

al., 2010; Bai et al., 2017). ¥l=2 2 Fpicid el Baf 7}
o F7+ BeitER FHHE B0 AEHAUHFig oA WA ek FlAkEe] AES E48] 8l MEE Al
4). nBEC o Wi B Tk F7F RS 7 2480 HAEE 93] WAS wjg Al whel £A5

¥ 2 © 2 2-aminobenzimidazole (2-AB), benzimidazole, AUTHFig. 5). T4 AF} 2.4% FA= W=
2-hydroxybenzimidazole (2-HB) 5°] HIEATtHWang et T A F oF 24X7WHR] Z7)ei) o) F438] 7HAsH

(A) (B)

Control (0Ohr) Control (0Ohr)
400 (] . PDA Multi 1 286nm 4nm K3 PDA Multi 1 281nm.4nmj
~ NN " 2000 ~
300 N | A~
Nl Do 1500 S > .
N > <
2 i 2
g [ = Benomyl £ 100 Carbendazim
100 h 500
2 §)|§| 238 8 3883 8
0 cT\d \a g “ ° ! 0 s S ‘
00 25 50 75 100 00 25 50 75 100
min min
After 24hr (3-2) After 24hr (3-2)
= PDA Multi 1 286nm 4nm [3 PDA Muiti 1 281nm 4nm
H .+ Metabolic intermediate Aoo‘ gle
150 X ) o A
g N~ ‘ . )
2w QO™ 2 | Carbendazim
£ 7 £ 2504
o Benomyl | Metabolic intermediate
§ g Bgoal 2 3
0 J w o N N o P
00 25 50 75 100 00 25 50 75 100
min min
After 24hr (6-2) After 24hr (6-2)
i,’; Metabolic inunﬂedia'e PDA Multi 1 286nm 4nm|{ [ ;t;l PDA Multi 1 281nm 4nm
150- ' o 00 . I~
Y 9 . AT
2 CT > = o
o | . SN D < ‘ Carbendazim
E E L
Benomyl
o N .» Metabolic intermediate
0 L o c, SN R
00 25 ' 50 75 100 00 25 50 75 100
min

min

Fig. 4. HPLC chromatograms of (A) benomyl and (B) carbendazim with their metabolic intermediate in minimal salt media

inoculated with strains 3-2 and 6-2 initially containing 75 mg/L of benomyl and 253 mg/L of carbendazim, respectively, at 0-, 24-, and
60-hr incubations.
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(A) (B)
After 60hr (3-2) After 60hr (3-2)
{ 3 PDA Multi 1 286nm 4nm| [ PDA Multi 1 281nm 4nm|
150 E % IS |
| —
2 mo; Lo . 2 * 2 Carbendazim
£ | £ z
504 83 Benomyl 25 -
R s 1 3 A% ] . o 5
o‘c 5 50 75 "’0‘; 0.0 25 50 75 10.0
After 60hr (6-2) After 60hr (6-2)
150 f PDA Multi 1 286nm 4nm| }; PDA Muiti 1 281nm 4nm
- 100 ;
100 > ’ Ao
o~ A 75
2 Lo 2 .
Benomyl - — \ P ?
8 © 5 b o

o — =

100
min

0.0 50

j Carbendazim

100
min

0.0 25 50 75

Fig. 4. HPLC chromatograms of (A) benomyl and (B) carbendazim with their metabolic intermediate in minimal salt media
inoculated with strains 3-2 and 6-2 initially containing 75 mg/L of benomyl and 253 mg/L of carbendazim, respectively, at 0-, 24-, and

60-hr incubations (continued).

o}, o] et Ak o] BIE Rhodococcus sp. djl-6 45
o oJgk 7hlithe] waf g olA 2-ABS] A A
AFeHS- Holuk(Zhang et al., 2013), A8t 248 M e

T AYRA)E B BAY 20| Faslojof & RO

2 AlEH

EQ MF =Y U FHHICHE 25

Bl AA azEs F457] 8 9F 30 mekee]
= 2 Fhiikge] ¥k Bl 32 dFE HE 5
28°CollA] wiekslAt). 3-2 @5 vl AlgozNE B4
B A Zao] viE) wE £ Wy JpigRS
slatlom 109 vl F =2 7Ptk o] e o
TolME 25-32% At b, 32 FFE HEI AS- 18-

PN e

1,500,000 (A)

—_ -0-3-2 4+ 6-2
£

€ 1,200,000
2
< Ll

E 900,000 ! S G
- \ . - .-

c ' ..

£ / AN

] S

< | <

~ 600,000 , %

- 1 \\

|

o j .

o / N

5 300,000 .\

s \

o N
o 0 X »

0 10 20 30 40 50 60
Time (hr)

Peak area at 2.4 min (mAU-min)

82% ZAsIAtHFig. 6). SR 10 o] F vl 5
3-6 mgkg= FrAEHA Tl 74 7S YepfA|
=t ole =g B hitgloe] o] A%, A, g
T A%, AT Tl s E dAbel F2E o] AE o
g0 72E Q7] o2 FAHETHGevao et al., 2000).

ol Afdr ESOCRHRE W2 Bacillus amyloli-
quefaciens®] 7HITH HallE BA e A3t B U 20, 50
mg/kge] 7HITHS oF 12U AA BF AASAL o]
HoJske B hy-I5 HEE A8 SIS W o wEA, =
2 FoME A8 7FeeHe B tH(Li et al., 2019).

62 M1

oo e

ol B Aol Heldt 3-2, 62 @ o wlk=D3} hch
S 5 [ (SIS =0 0 2=

4 pel £48 2T 45 U 399 582 M 5 9

[SINe) = 5 .

25 Yepdth T8k & & o] ZFH(consortia) T &
4,500,000 (B)

-0-3-2 —46-2
4,000,000 ..,
3,500,000 e s
. N
3,000,000 S
2,500,000 - g *‘\\
2,000,000 K RANA
' N

1,500,000 A \\\
1,000,000 I'I \\

500,000 N

0 . . . . . : »
10 20 30 40 50 60
-500,000
Time (hr)

Fig. 5. Variation of the peak area of the metabolic intermediate detected at 2.4 min in the chromatograms in Fig. 4. Error bars indicate

standard deviations of the mean (n=3).
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o - (A) 60  (B)
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Fig. 6. The behaviors of (A) benomyl and (B) carbendazim in soils inoculated with strain 3-2. “Control” indicates the benomly or
carbendazim-containing soil where strain 3-2 was not inoculated. Error bars indicate standard deviations of the mean (n=3).

1.6 -
——mm+PDB

£ 1.4 4 - A-mm+PDB+Benomyl
c —0 - 3-2 treated medium+PDB
QS 1.2 - i
8 - ---¢-- 6-2 treated medium+PDB
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[}]
o
c 038
(3]
=
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(7]
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0.0 1 . ' . . ; . : .

0 30 60 920 120 150 180 210 240
Time (hr)

Fig. 7. Effects of benomyl on the conidial germination of the Penicillium roqueforti according to treatment of the benomyl-degrading
bacteria mm, minimal salt medium; PDB, potato dextrose broth. Error bars indicate standard deviations of the mean (n=3).

Fo] #F9ke] S F3 AES U (co-bioaugmentation) 2 A mEt A FFo] o W EeijhEe

2 o)gd Ao wwda} Fhitkde] R 8L v o Penicillium roquefortidll 573°] §la-5 18It

AL 7 g AR WHETHE-Hussein et al., 2014; ojde] HAIANE wEoeR I wigez FI"

Castro-Gutiérrez et al., 2019). Rhodococcus sp. 3-29} 6-2 d5+= W=2S 3] F53}

TS IS 12} thARHES] FhilThR o] St el

HY0|E 0|38 g X7 SH HIL 2 =3 AFeIolnh. w3 o] #FES W Y
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