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Abstract : The feasibility of perchlorate reducing-bacteria isolated from the sludge of an anaerobic digester was determined using
ammonium perchlorate in aqueous medium. Growth kinetics of the two perchlorate reducing bacteria including Rhodococcus sp.
YSPWOI and YSPWO02 were investigated using acetate as the electron donor in batch experiment. The growth of YSPWOI and
YSPWO02 reached a steady-state at 26 and 9 h, respectively. The initial perchlorate concentration was completely reduced within
8 and 7 h by YSPWO1 and YSPWO02, respectively. The reduction rates were 2.1 and 15 mg L' h"' for YSPWO1, and 3.2 and 15.5
mg L' h' for YSPWO02, at 1:1 and 5:1 ratios of acetate:perchlorate (w:w), respectively. In this study, the bacteria Rhodococcus
sp. YSPWO1 and YSPWO02 demonstrated a potential for the perchlorate reduction, which could be further investigated for develo-
pment of an efficient strategy to treat the perchlorate contaminated waters.
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A3 Rhodococcus sp, YSPWO11t YSPWO2E 0|&st 5 L 1=k Perchlorate Sl S44 o472 ,

&%= perchlorate S A|A8HA] o4& Al BFH 02 A3 per- FohuleF H nE] =% EeE S8l petri disho]] 53]
chloratel= Q3 AJ7F Holgly] wjiol'? e ) Sol A7 Helg 5 25+ 1C2 3A1H incubatoro] Al 32171 Hl
W= 2AA AFE AYstaL QJom, Nor 5 Waller  F3tgch Aol A% Dechlorosoma HjFe) o] 420
=®o P perchlorate 4 <100 mg-ClO, L' o] Table 1] YeRf At
AH) Ulo] ZA13}= sodium perchlorate A|7] ATES 2=3)3}
At} 184 ammonium perchlorate”} $H&-% %% Al Table 1. Chemical composition of Dechlorosoma medium
o= WOk ofy e} v]EALsE ol A WA Bl 5= Ao of Reagent Concentration (g L)
3t AGZA Tt u)Eek Aol Sodium acetate 2.00
2 Ao A= I A el A 2]l perchlorate KoHPO4 - 3H,0 155
AU WEQl Rhodococcus sp. YSPW01Z} YSPWO2E ©] NaH.PO, - H,O 085
gato] vlEAEE B oA WA El= Il5 %= perchlorate”} NH,H-PO4 0.50
e AEa] BEA A ThsAdS HESHICL B Trace mineral 10 (mL L)
t}oF3t acetate:perchlorate H]| S Z-83}o] perchlorate A 7 & Trace mineral (g L")
et HA HAAFoIA FEO gt AFE sk EDTA 05
MgSOx - 7TH.0 30
NaCl 10
2. MSIxliE 2 "t FeSOs - 7H,0 0.1
Co(NOs), - BH,0 0.1
2.1. Perchlorate reducing bacteria (PRB) 22| H{F ! CaCl, (anhydrous) 0.1
Al ZnS0s - 7H0 0.1
Perchlorate U4 w55 Halujokalr] glaf WAl 552 CuSO. - 50 001
A2 astzol A H3g £24E Dechlorosoma (ATCC AlK (SO4)2 (anhydrous) 0.01
#2361 Broth) wjoFolu} 1:1 6] &2 Eqtste] @7]4 w57 HBO; 0.01
(1.5 Lo A 17097 S3haoF 3kl on, 32ulth ammonium Na;MoOy - 2H,0 0,01
perchlorate (AP) 8948 Z9lalo] Hh-S-oHo] =w 7} 100 mg- NazSeQs (anhyarous) 0.001
Clo; L'g fA3=2 ik gzt @4 242 & Na:WOx - 2H:0 001
25t7] 98] 99.99%0] ThE As pAz Ahetgon, NiCl; - 8H:0 0.02

Rhodococcus sp. LE2 (EF683121.1)

Rhodococcus sp. P7 (DQ316785.1)

1000 Rhodococcus sp. YZ-2 (DQ503585.1)
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565l Rhodococcus sp. PE13 (EU814614.1)

[ Rhodococcus sp.YSPWO01 (KJ496302)
Isolated bacteria

1000 I Rhodococcus sp.YSPWO02 (KJ496303)

Dechloromonas sp. JM (AF323489.1)

Dechloromonas sp. CL (AF170354.1)

Azospira oryzae strain GR-1 (AY277622.1) (per)chlorate reducing bacteria

Dechlorosoma sp. KJ (AF323491.1)

997l Dechlorosoma sp. PDX (AF323490.1)

H
0.02

Fig. 1. Phylogenetic tree showing the relationship between 16S rRNA sequence of isolates Ahoaococcus sp. YSPWO1 and YSPWO02,
with most similar sequences retrieved from the NCBI nucleotide database,
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FopufFoll A el PRB= A AL AR 7S ]85}
FE ot E7E A SFITkFig. 1). A& PBS (Phosphate
Buffer Saline)= washingd}o] 3% glutaraldehyde (in PBS)
£ 92 & wiy|olA 2A17F AT PAIR] HE
2 PBSZ A& 3, 30, 70, 90, 100%9] ethanolo] +=Xx}% S
Z g gpA AL EeA 7] Al RE A AR (critical point
dryer, CPD)2 A%3}o] Pt-coating & F4-S ZsYs}Hct

Y& 53-8 Solgent purification beadS o]-&3}o] |4y
E2EE DNAE & &, 5-AGAGTTTGATCCTGGCTCAG-3'
(399l 27F9}, 5-GGTTACCTTGTTACGACTT-3' (<31}
3F)el 1492 R primerE AF&3}o] PCR (Polymerase Chain
Reaction) 2 21885}t 242 GeneAmp® PCR System 9700
(Applied Biosystems, USA)S A3}, A1E2 denatura-
tion (95C, 158)A]71 &, denaturation (95°C, 20%), annealing
(50C, 40%), elongation (72T, 15 30%) TAS 303 wi=
3}al, mpA|ek o 2 elongation (72T, 58) THAS A dYs}ich
PCR AME2 Solgent PCR purification kit& AF&-35Fo] PCR
product purify $F T 1% agarose gel2 A 7|95 2|31
w, HelHl gDNAZ 97]4d a5t

2.2. 165 IRNA SEXI0| 17| M0l T3t ASEA

wejak Fae} 7)ze] B Faet @yl e SAE
£ 32I5H7] $J3}e] NCBI (National Center for Biotechno-
logy Information)©] GenBank % =35 A8} L4 (Na-
tional Institute of Genetics)?] DDBJ (DNA Data Bank of

Table 2. The accession numbers and similarity percentage be-
tween the amplified sequences and the closest relative
sequences of four known bacterial species

Isolated species Closest relative Accession  Similarity
(Accession number) species number (%)
Rhodococcus
Rhodococeus sp. sp. P7 DQ 316785 99%
YSPWO1 o d.
KJ496302 a0COCCUS 9
( ) 0pfiDSM 44108 NR 417751 99%
Rhodococcus
Rhodococceus sp. hodniBJO NR 370291 97%
YSPW02 Bhod
(KJ496303) 000C0CCUS R 429501 96%
phenolicus G2P

Fig. 2. Transmission electron microscope (TEM) images showing the

sp. YSWPO1 and (b) YSWPO2,

Japan)of| A 2. 11% BLAST (Basic Local Alignment Search
Tool) searchS o] 4-3}3ict” &7]4HL Clustal X 1.81 mul-
tiple alignment® A& 3, MEGAS5 program (ver 5.05; http://
www.megasoftware.net/)S ©|-&slo] n|YE A4S A2+
SHATh(Fig. 2, Table2). ¥7] AE I+ 482 A2 Jukes
& Cantor distance model 2 A2-3}9]. 1> Neighbor-Joining
method = bootstrap 41 A] 10003] 9] resampling2 4-8-5}¢]
tree topology 7545 st

23. 3|24 A

Perchlorate®] =35t A& st7] 913 7|4 whg=x
ol Al &) vjeF=El Rhodococcus sp. YSPWO1 (KJ496302)x}
YSPWO02 (KJ496303)5 ©]-&-5to] 3iE4] oS Xysiich
A 24& §A8H7] 918l 93% No/7% Hy &3 7kAg
Q3| AbA H=7} 0.29 ppm (4 x 107 atm 0) 0.2 A F|=
anaerobic chamber (Coy Laboratory Products Inc., USA)E
ARgsETh Aol ARSE uigFd W A7 121£5T
oA 15E7F DB & A8t e, vjFE Rhodococcus
sp. YSPWO13} YSPW02 90 mL 2 3]4% APE 10 mL2S
sl 4TS Eulaldth Aol ALE HrE (F)
FIslo| A TEFHFE 20% AP &N © 2 Dechlorosoma HljoF
Ho =@ 3]43le] 1,000 mg L2 A% & ALL3}3lc}. Per-
chlorate THYS QJ3t AAF A2 sodium acetate (99%
Sigma Aldrich, USA)E A3} t}. Perchlorate A% 2 A
Aol thgt AE-2 pH 7.0014 53513 0™, acetate?} per-
chlorate®] %7] &= 7+7F 550, 80 mg L' oA =859t
Perchlorate”} &+743] A A% AL <2l 3 perchlorateE A
Z9]5}o] H-2-2 1 perchlorate 5 %=5 95 mg L' 2 3}9ch
Acetate®} perchlorate Hlo| w2 3|24 HFS 229 A
ZFH)E 5:1, 1:12 FA|5}9] perchlorate &4 A7 &= 4
A AFgol Ao 3t perchlorate?] T3] that AHS
Aeeloih. BE Ao £Ee} WySEE shaking incu-
bator (Seyoung Sci., Korea)E o]-&35}o] 25T, 150 rppm o2

A8kt
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Atk HIFAEE (W= A (DS ol-8ste] Felstglon, 4]
194 Ao, t, Al Z+7F Blo]@ufj A 27)%%(mg L), ¥hs
AlZHh), Y-S A7 EoF At vlo] eu A HE(mg L2
L Qe

In A =1In Ayp + put 1)
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2.5. M diy
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Fig. 3. () Growth kinetics (b) specific growth rates, (c) perchlorate reduction and (d) acetate removal, for isolates Rhodococcus sp.

YSPWO01 and YSPWO02,
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Table 3. Experimental kinetics and stoichiometric parameters of various perchlorate reducing bacteria using acetate

Bacteria species Perchlorate Perchlorate Perchlorate reduction Umax (Mg-ClO4 Ks Reference
P degradation (mg L") reduction time (h) rate (mg L' h™) mg'-DCW* h™)  (mg-ClOs L)
YSPWO1 )
+ +
(Rhodococcus) 825 8 10.31 0.024+0.001 115+0.68 This study
YSPW02 i
+ +
(Rhodococcus) 805 7 1342 0.029+0.001 1.38+0.49 This study
INS 100 60 167 0.067+0.007 18.0+52 18)
(Dechloromonas)
SN1A
+ +
(Azospirillum) 100 34 294 0.069-+0.009 22+28 18)
Lactate enrichment culture
(Dechloromonas) 250 80 8.33 ) ) 29)

* DCW: Dry cell weight

ghohE|w,*? YSPWO027F YSPWO1o| &) 26 wh=
3= A2 YSPWO1XC} perchlorate T3l =2 WXido] 7}
Ok ofu 2} perchlorateo] 50| Hold Zo 2 Atz
t}. YSPWO1Z} YSPW029] 2 H]Z4] 4% (u)= PRB
A F7ko] Lk 8AIZE} SAIZl A 0.027 h, 0.030
h'E 190 v(Fig. 3(b)), acetate®} perchlorate”} |7 o]
e} PRBO| H|F4] &= A Th(Fig. 3(3))
YSPWO1 2 YSPWO029] Hl3AS o v|ZAlE 9}
AALEEE 1.15+0.689F 1.38 £0.49 mg-ClO, L , 0.024 +
0.001 h''2} 0.029+0.001 h', 10317} 1342 mg L' h'=& 7}
ZF Yelygti(Table 3). u| &2 o]-&3t perchlorateo] ofj gt
HtS A 52 T E perchlorate ¢ t|WE Fof t)s}e]
Hag %ﬁ% 27 Table 3] ettt AF A} obE v
Aol @2 K, g2 thE perchlorate ¢ wAd=o] H]5|
== Z‘ﬂﬁ'%ﬂ et 7S A YAl Qltkal AbRE o] alE
% perchlorate A7 o] &&Zolg} Atmgch'

37l

HA O
'\I:

lo o g X o

3.2. Perchlorate reducing bacteria (PRB)E 0|2
chlorate & 2|
YSPWO13} YSPW02& ©]-83} acetate@} perchlorate 5=
W3t 3 A A¥E Fig. 3(c), 3(d)ol YERH ST PRB
7% 9 perchlorate 3o pHe} AAF A == Fa535
¢1x}ol7] wiiZoll A pH 7.0004 4=343}Gich drtxos
pH 7.0-9.0014 dAJ=Fe] HAxpgoi47} =4S wf perchlorate

st per-

9] ©F 95%, pH 5.0-6.00 A= 2F 25%9] perchlorate T+ 9|
BaEch'”

Acetate 5%(500 mg L")of| whZ perchlorate A 7= YS-
PWO13} YSPWO020 A 8A| 7+ 5A17F A A #+7F &, =7]
=19] 99%0] Al perchlorate (10 pg L)E A|A 3tgoH
(phase-1), perchlorateS 1x} A5=¢] & XA F7ko] ¢lo] 6
AlZkololl 27]&5=2] 99%0°]4 perchlorateS | A % th
(phase-2). 121} 22} perchlorateE A5 A] YSPWO1 L
YSPWO020]| A perchlorater= %7]5%=2] ©F 38.5, 54.9%7} A
7= %l th(phase-3). YSPWO12} YSPW022] acetate A~HLaF-2
I, 27 %oll A S 210 mg L& 7}k vpebgron], 351kef
M #2F= acetate % %=(40 mg L7} perchlorate (100
mg L)E 3+9a}7|o] F83514] 9o} perchlorate #7480
1,2 FtE W2 ooz AlmFry dutdos HAxly
o{4|= PRB7} perchlorateS 2Hsh=t] Fagh wj7jHs
oju} mlAYE whg Kok A@PAsE ok YSPWol 9
YSPW029] 1, 2718 perchlorate A4 4=+ Z+zF 10.3,
13.43} 15, 154 mg L'h" 9o, 3527ko]| A1 9] perchlorate
A7 £E= 21,32 mg L' h'& 27t YelgohFig. 3(c),
3(d), Table 4).

3.3. Perchlorate M|7{0]| L} £ acetate2] A ZH|

Perchlorate A7 o] t3t X4 acetate ==& 11&3517] ¢
3] A:P (acetate:perchlorate) A aFH|(w/w)E 194 52 F7}

Table 4. Kinetic parameters of perchlorate and acetate removal by Ahodococcus sp. YSPW01 and YSPWO02,

Perchlorate Acetate
Phase Bactgrial Initilal concerl— Finlal ooncen_; F.%e.duction Reducti_?n _1 Degrgdation ) Beguction
strain tration (mg L") tration (mg L) efficiency (%) rate (mgL" h") concentration (mg L") efficiency (%)
1 YSPWO1 825, N/D* 99 10.3 212 41
YSPWO02 805 N/D 99 134 199 36
5 YSPWO1 902 N/D 99 15 237 80
YSPWO02 925 N/D 99 154 251 7
YSPWO1 916 355 385 21 371 99
8 YSPWO02 999 449 549 3.2 497 99

*N/D: Not detected

| Joumal of KSEE | Vol.36, No.5 | May, 2014
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Fig. 4. Effect of acetate and perchlorate ratio (w/w) on perchlorate degradation by Ahodococcus sp. YSPWO1 and YSPWO02, ((a), (c):

acetate / perchlorate = 1; (b), (d): acetate / perchlorate = 5),

3}o] perchlorate 5= H3I}E Fig. 4o YeRfRich 71& 21
ol 2J31H PRBE= AR A| 2 acetate S AEA] perchlorate
1.0 mol T acetate 1.0 mol& A}8-3}o] perchlorateE chlo-
ride2 3FI%kc)?®

AP H| 1194 = FUH acetate”} AF AR E AT per-
chlorate= Z27|%5%2] 2F 50%%F A A% YHH, acetate =%
£ Z71ste] AP H|E 5112 Z71819S -9 perchlorate=
99%0]4 A A ALt oju] AXF acetate:perchlorate®] Z|
7 2k YSPWO012] 7% 2.85 g-acetate g-perchlorate’,
YSPWO029] 7% 2.56 g-acetate g-perchlorate” & z+z} Ube}
Tt Shrout and Parkin (2006)-2 A:P ¥|7} 4.62 Z71%] S
2 ] PRB (Dechloromonas sp.)2] perchlorate 3+ £%=7}
oF 4y 2719 B39t Rhodococcus sp. YSPWOI
I} YSPW02 7%, acetate”} %=7} 10004] 500 mg L' 2
27} 0| u}e} perchlorated] 7] 4= 2304 11.2 mg L™
h', 25004 113 mg L' h'2 oF 4.5~4 847} Z7}E]g 0
Dechloromonas sp. INSET} 2F 11-16% =2 A|A &S5
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