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ABSTRACT

Recently, groundwater contamination by mixed occurrence of arsenic (As) and nitrate (NO;") has been a serious
environmental issue all around world. In this study, we investigated the microbial As(III) oxidation characteristic under
denitrification process to examine the feasibility of the microbial consortia in wetland sediment to simultaneously treat
these two contaminants. The detail objectives of this study were to investigate the effects of NO;™ on the oxidation of
As(Ill) in anaerobic environments and observe the microbial community change during the As oxidation under
denitrification process. Results showed that the As(II) was completely and simultaneously oxidized to As(V) under
denitrification process, however, it occurred to a much less extent in the absence of sediment or NO;™. In addition, the
significant increase of As(IIl) oxidation rate in the presence of NO;~ suggested the potential of As oxidation under
denitrification by indigenous microorganisms in wetland sediment. Genera Pseudogulbenkiania, and Flavisolibacter were
identified as predominant microbial species driving the redox process. Conclusively, this study can provide useful
information on As(III) oxidation under denitrifying environment and contribute to develop an effective technology for
simultaneous removal of As(Ill) and NO;™ in groundwater.
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De, 2017, Xie et al., 2018). Asoll 23t X|&kr 292
AZA|, 2= AxA) AME T3 2E 7 &El] ot
A aEt o} o] F3) vk, wET}
=9 ¥k E st HlE o= A% ARAZQD 81l
oM = @At 4= Qth(Nguyen et al., 2017, Sharma
and Sohn, 2009). AsZ 299 A|srE AFHT H¢,

oy e il
o, 357], 23P7] Ale B SRS HIRS B A

-

*Corresponding author : hmoon@kigam.re kr

29SS 42 4 AUH(Liu et al, 2003, Li et al,
2015)

ghd, 24H (Nitrate, NOy )& Ase} BlEo] 7% &3
Al LA=4 F SR, 11EES NOy o2 2Hd
S84 A3 =i 18RS A7, 53] oo}
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Ui, %, 55, v, Hollgizlie 5] Aseh
NO;©l 23+ X5l B4 292] AZgto] Bt u} Q)
TH(Fytianos and Christophoridis, 2004, Ghurye et al.,
1999, Upadhyaya et al., 2010). Quz o= o]zigl |
< AsE R F3kEo] AskrHo] ol 4lskE of
A} AplrR §EHAY, Tk S04 gl 8
(reductive dissolution) 4 &<t HA8E(Iron-oxyhy-
droxides(FeOOHs))°] ol wz} dalslEol F2w]o]
VA At AslrR §EH0] LHHE B9k 22 Al
2 71l o3k As QAR GellN T ZEoll o3 Him
AR SOl o3l NOs7F FAdl Lds= ARIZE Bt
(Zahid et al., 2007). §HH, =|¢] Z-Follx, AgkrelA
As¢t NO;™ F=7F He & 715 0.01 mg/L, 10 mg-
N/L)YS Z33h= AH7E Bad vl AckAhn et al,
2005, Kim et al., 2010).

ko= Aset NOy & FAl] LFE AakrE =
She o R ol2ud, FFH 2 B 35H A
2] ®hHo] ARS-Eth(Min et al, 2006, Upadhyaya et al.,
2010). e, o]k A2 e Blgo] Bol EaL, I
Aol Fat, a83Q Ase] AAE HsM=
As(IDE As(V)E 3PP o= AstA7|= 3go] F7t=
Zasths ©@do] dtk(Nerenberg and Rittmann, 2004,
Shakya and Ghosh, 2018). wW2hA] o]&3l TdS- B3}
I Azl WY Aset NOs== SAl A2d 4= = A
&34 gl gk A7t esith

dirdo s 714 £ slollA mE] o7 As(ln
o AsVIES] 218} TS e A Ak sl
kO, Alcaligenes faecalis, Agrobacterium, Alcaligenes
sp., 0 22 PAE] oF As 4k} 7|& o] ] B
131 9JtK(Osborne and Ehrlich, 1976, Santini et al.,
2000, Silver and Phung, 2005). 3V, A< 714 87
oA A7} obd Fe(llL} NO, = A} F8A12 AR
stod As(IDE As(V)E A 4 Sl wdEe] EA)
o tiall Bz u} AchHoeft et al., 2002, Rhine et al.,
2007, Zhang et al., 2017). 53|, Alkalilimnicola ehrlichii
MLHE-1, Sinorhizobium sp. DAO102 &7 370A]
NO;~ 910l Agsl] As(IDE A2 = Je 3t
UG YER B EACHRhine et al., 2007, Zhang
et al., 2017).
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2.1. EX| E[ME A=E xHF

£ AFee vE HEUeE AES] $I8kd &
AT =] 3AE AldElel] A8 =1 /1e] 73
5A(36°14'48.1"N, 127°04'18.1"E)e] E|HEZS Z3IA
ot B ES ARZHE 30 cm oA T2 2)H
gk &, A Hoix ARESIATE EHES] pHE 5.6,
7] &2 (Organic matter) T2 2.52%F 2™, NO;
Fow 27.96 mgkg o, 2 nAES] EAo] S
Ao F AFSATE AlE= AR 7] 4°CollA] Baksiad
o, 2mm A2 AZ § FHslsl] APl AL

2.2. HiX| A&

7] oA FA EXBE o3 As Akslel] v
A= vAE EA 5ot @ik IS gopRaat
AR PR v AFPE Fasilt

ek AES 98] K,HPO, 0.25g/L, MgSO,7H,0
0.1 g/L, CaCl,2H,0 0.062 g/LZ TA%E HAa vixZ= A
Z8l wdA o g ARSSIITHLI et al., 2015). HIA|=
AZH SA] 31231 E 7] (Autoclave, Steam Sterilizer,
JSR, Japan)s ©]-&3te] 1.5 719} 121°Col|lA] 202 7+ &2
st Al ARSI

A WA 28 A= ZA viRel]l AsNaO, 1 mM(As(II)),
KNO; 2 mM¥} HAFFSIA| 2 C,H;NaO,(sodium acetate)
= I1mM 718 3 125 mL AW (serum bottle)el] i
FH 100 mLE FH3L MBELCE FA HHE 10g
< A7k F Al 21 BE H4 #iAel AsNaO,
I mM, KNO; 2mM¥} AAFAAZE sodium acetateS
I mM 71 & 125 mL Aol s} 100 mLE 5
d3tal FA EREE FYsHA| ol FHES] niEY]
A AT vEAEe 2 Al WA 2 (Cr A
HiA]e AsNaO, 1 mME 3718+ 3 125 mL Al|l&wo
Hiekl 100 mLE FY3laL nAEdo R &4 HAES
10g FYsle] NOy o ks mijAlsidth. 3 7k =4
BF U 3RS 2] fsike] aew Aa TR

(99.99%)% 3087+ B (purging)3FItH(Fig. 1). Z& Hj



i e = e e R o R e

>
A

A 57} 3

Condition A Condition B Condition C

N,

Minimum medium

_ \

+ Minimum medium e e
As(1II) + NO5- i +
L As(III) + NO5- As(IID)
Acetate ¥
Acetate

Fig. 1. Laboratory-scale batch experiments design. Condition A (A), with arsenite, nitrate, acetate and wetland sediment; Condition B (B),
with arsenite, nitrate and acetate and without wetland sediment; Condition C (C), with arsenite and wetland sediment and without nitrate

and acetate.

=] 8o ek F7](shaking incubator, VS-8480SFN,
VISION, Korea)ollAl 30°C, 150 ppm©-2 8Y 3+ 2w
HjeFEI). AFe 25 3 vHEo g FgPE|glon, F7)
Aog AEE AFA. o] W, Als AFH W FEI]
TEoix A8 FHE e & &, 37 AYEA
BES 7Y HEE FAS] fste] AAAE o83t
o N, 7E=5 AR AF 839 7Y &, AlEE A
st
AAF AF= LA FE7100A 4000 pmoZ 10%7F
£ 0.45pum PVDF ZEZ ojz}s}

acetate T L As FE FA0) ALEEAT) 2-E A=
S 24AZ B FA HZE(FDSS512, llshunBioBase,
Korea |7l & W& ®BAsia, vdE #2498 98] AR
=3t

2.3. 515 24

HiF F2F vl Ulo] F AsY] shv A=ATEE
Znps3s3s 7](ICP-OES, Optima 7300 DV, PerkinElmer,
USAYE A83l] S8t =3k A8 U] Ase] 4k}
Aol W 318t FH(As(IlD), As(V)) EE= SR
Hsle] ol Wk FLEFA|(Sep-Pak Accell Plus QMA
Plus Short Cartridge, Waters, USA) SZAIA As(ID)
TS Bl =5 SA3 oM (Dong et al, 2009),
As(V) 5= As(Total) =9} As(Ill) F=2] 22 A
2kslgact. wiA] W] NOs™ 2 NO, 9 555 34517
et ol =zefutE 1T (IC, 1CS-1500, DIONEX,
USA)YS °]83dt). 71= Z7d(guard column)?t 4] 4

H (analytical column)2 Dionex IonPac™ AG142 AR
393, Flow rate= 1.2 mL/min= 23t} opAlE| 0]
E(acetate) T4 98 185 F¥ HE AAA=ZRiE
1)) (HPLC, Prominence, Shimadzu, Japan)S ©]-83}
Atk ZYS Shim-pack GIS-ODS 5umE ARE-31930m,
UV 210 nmellA 1.0 mL/min® 2 &390k T3k vl
A3 AT Zo] pH= pH meter(ThermoFisher
Scientific Orion™, USA)Z SA33t}.

0=
1]
gl
A oA

24.DNA £& ¥ 0|

Wl S oAt ol AR ARE 22
5 HAEZRE genomic DNAZ FastDNA SPIN Kit
for soil(MB Biomedicals, USAYE ©]-&3] #A|ZALe] Z2
E3d we} 2319tk DNAE 16S rRNA 5-2141]
V3ollX V4 YA BHOE sk ZefolHE ARS-Sle
PCRZ 53ZA1Z31, QIAquick PCR purification kitZ 7
AstEeE. A G71E B4 (NGS, Next generation
sequencing)}> 3 (Chunlab, Inc., A&, dH=hpllA] o]F
o]F o™, Illumina MiSeq sequencing system(Illumina,
USA)dhS AFE3ITE  EzBioCloud El|o]EjHo]2~E
USEARCHZ- ©]83}%] taxonomic assignmento]] A}-8-3}
k.
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B AFoe =1 A9 B, A9} C2] F As, As(I),
As(V)2} NO;-, NO,” & acetate &=} 2fole} 27 A
oF co wAE ] Wl tigh g 248 AAEk
A% P ASSITE AESE 95%014 Analysis of
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Variance(ANOVA) 43 =83te] A fods
W7Vt oM (p<0.05), BA Aol = XLSTAT-Premium
(Annual version 2019.3.1, Addinsoft, Inc., Brooklyn, NY,
USA)S ARE-3ISTH

3.8 & nE

3.1. H|&(As) £t5} SM0]| 0|x|= D829 HE

nE] o3k g SN As ks TFs S gkl
3l7] 918l PA=EQ) EHEZ 7FE 21 A9 37
A @e 23 BE Wasgh 54 B9E) 98 =
A AdAE MR AR SA0) wlokel Yie] NOy-
= A7to] Aol we) 7kl AiEeR No;
= W 2dAHA] STV ZHasste] v 8YUA)
o= HEHA LAUTHFig. 2(a)). °1= MEFY He] NOs
7h mAE] o5 ghlEA, B P T A=
1 NO,7F AT N, 7ka2 gdE o= Als
FItH(Nguyen et al., 2017, Shakya and Ghosh, 2018).
g, NOy Y #49t 83t HAFAAZE FUS
acetate= FASHA 7HASk] vl 29A o] Aol BF &
HIE|{THFig. 2(b)). ol EHE o] SHIYERIA
o ogt 24 REgo] doSS AlARSH ESH
acetate’} #12] EF AH|E 2d o]Fde mAEYeR
718k A BHE HE F71E(2.52%)e] HIdE A
Ae 9% BAYoE AMEERS B oF AlRETH

H, NOy 59| el 3 Alzte] Aol wet
Z719 FY3 1 mMY As(llE Bl 29R)HE 34
3] 5T sk, wid 5Y Sl ASHA B%
(Fig. 3(b)). HISF o] As(lll) F=2] 7o) 483t
As(V) F& S7RIE ZA0E Hol £ EFHE nAEd
gl &4 whgo] == Bk wiFd e Asyt
As(V)Z AEle AL & = ASATh(Fig. 3(c). 34,
HiFl W] & As FE= Aol Al wf ot 3F
ke AE ZRIT F UM, oA midd WY As
9] AR} EHE F3E oz IAETHGoldberg,
2002, Mohapatra et al., 2007).

AsY] Akl S vl 2ol 59 Aleldl FESHA
Z7eI5oH, 597 He 2, As(Total)2] T=7F As(V)
9} o] 0.87 mME0.0HE HEHUL ol &4 U
EA5k= As(llyF As(V)E H43] 218lE AL AAEE
T AUtk EZF NOs = HiYF 59 B 2 100% g

2SRRI F AW, NO, = 8UA| He F BT
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Fig. 2. Nitrate, nitrite (a) and acetate (b) concentrations with time
in condition A (with arsenite, nitrate, acetate and wetland
sediment) and B (with arsenite, nitrate and acetate and without
wetland sediment).

W, FA BHES 37k e 21 BAlxle wid
E2 NO; ¢ NO,” 5%, acetate &=/} vl B<t W3}
o] A AR, 24 Aske 2] vkl ol
A ol d AYESHE whgo] o] kS-S AABIS
TH0.05<p)(Fig. 2). As(Total) ¥5= HE3F 2710 FAH
1.02 mM@*0.02)2 L83 FAEA2H(Fig. 3(a)),
As(Ill) 559} As(V)e] FEol= fon|sl Wyt B3
2] THFig. 3(b and c¢)). 27 A%} Bl &
HAE7} FAHRA & 24 BollMe 22 WS B2
As9] 2B} T3 U] utheE AL & ¢ AT
(0.05<p). I8t A= o] AFlA PAES T4
3 213 FHd 200 NOy 2 78IS W, viAY
B9 33 20T As 2819} NO;~ BHglo] dojut
AT XS} (Zhang et al., 2017). WElA] BHES H
718 ZAARIMY 223 As 2} HRS-S A HHE
o] F&EFAEZuAYE] o3l dojd AL FIT

& 9%tk
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Fig. 3. Total arsenic (As) (a), arsenite (As(IIl)) (b) and arsenate
(As(V)) (c) concentrations with time in condition A (with
arsenite, nitrate, acetate and wetland sediment) and B (with
arsenite, nitrate and acetate and without wetland sediment).

3.2. H|2:(As) &3t SY0f| O|X|= B 9HSol ¥&

P Aglell 22 I Bkl As §A] Ak 540
2 A At dofh=A] & 2Asle} wine
AsE AR dofus THRIAE dolraia) 2 v

S frirell mhe TS AT Hx wiAel As(in
2 FHHE TS 8 27 colME g &) BH
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Fig. 4. Nitrate, nitrite (a) and acetate (b) concentrations with time
in condition A (with As(IIl), NO;™, acetate and sediment) and C
(with As(IIl) and sediment, without NO;™ and acetate).

o] W= NO,(0.08 £0.00 MMy} HZEEA
A o]Foll= HEHA] LUTHFig. 4(a)).

2 HEgo] dojur] g2 27 CAM®E w9 ke
As(l®] F=7F Az Aol we} 7Asidon, vk
ozt ol %27) 2Rl 35%7F 7243 0.65 mM
*0.21)°] HEZHATKFig. 5(b)). T3 As(V) B=E B
npx]el ol 0.13 mM(z0.22)°] HAEE ALRE Kol nj¢-
nu|st o] A7} AkslE AS=E HRItKFig. 5(c). T4
EHE =] e A8 Q2.52%)S vAEC] g
do g o]gst] EHE W vFe] NOsE Fske 7
A B AvE IF AslE AoE AlsEh

2 qhgo] EishA dojdt =1 A} vlusiA g
HESo] dojupr] ok A oM o] LoupaA
o9 Aske] Asth AbskE AoZ Hof wAlEe| ogh &

1ot w2

13k N0, 2] ggdo] Ftg]ojol Ag7} AHkE = 9122
& & JATH0.05<p). = Zhang 5 (2017)2] -l

A NO“E FUT 2a% 1A e 230 dlel,
NOyE T8 2R Av] A AS 31 A
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7} sk Aol

vAEe] &g NOy o el tigh A7+ (Bazylinski
and Blakemore, 1983, Shin and Cha, 2008, Zhang and
Angelidaki, 2013) ¥ 5714 Hol|A| wAlE]] St As
9] 2kslol] W3 AH(Bahar et al., 2013, Osborne and
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Ehrlich, 1976, Philips and Taylor, 1976, Santini et al.,
2000, Santini et al, 2000, Silver and Phung, 2005)=
o] LeHFE T A7t Barsle] gtk ey
A7 S0 wgE] 2% NOy o] £e3t As(Ie]
A AL 71l #g dqe wie- =ETHNguyen et
al, 2017, Zhang et al., 2017). ¥ A= 7|& A
TolA Baedd & mlAE gl ofd 4] B3
E BEAIES PEYoE FUSIEOE NOs 9| &
A} As(lIDS] A 2k} Hhgo] dojykor, 7|1& 413
AT APEAe] vkl & & vk 58], & IFE
B3, F4 HHE A= NO; Y 7 As(Ine]
A A S AT 5 e el EAES &
AT 4= ST} URbEoE Ase= ARsIEHFA HIA =<
oGt AstE = Aog duA AN B AFelxe m
<

SRISITE. o= 3l 719 A3lollA
NO; 9} AsE SAl AAT 5 = 34 7Nl 719
T U FOE AlEHTh

3.3. XM 7 |ME BM(NGS)E S8t 0[ME =F

NO; 9| &2 A7 AAR As 4kst 24 H
o )] VAR 59 R 315k Sdskel Ay
718 EA(NGS, Next generation sequencing) W
2 271 As ¢ PE 7 WIlE vl B4

21 A} ] A v 2o B AHE AR
B 41,382-69,77671] read 5 AT} Good's coverage
= 98.9% XU} =343, OTUs(operational taxonomic units)
= 3,638-7,266 W2 AoIXTH(Table 1).

Z7 A8} Coll L3 HAHES FYUsI7] el &
(phylum) F=zollX 230 A9} =7 €9 vig Hg9 7]
AE TR AR AR SRIFATHFig. 6). ¥HH, Z+
z7e] v ppR Fe] mAE e fo3 AjolE:
HATH0.05<p). E(phylum) S04, vk 3ol A<}
C EFA Proteobacteria?t 272+ 29.8%, 28.9%=,
Acidobacteria?V X2t 24.8%, 27.3%= 1319t} Wb,
Z71 A9 wi&F vlRr Doll= Proteobacteria, Firmicutes,
Bacteroidetes7} 232} 35.9%, 242% 2 16.7%= A5}
Gt 27| 24.8%= XSV Actinobacteria?t WHS &
71ol= 4.1%=2 F243] A3 ¥V, Firmicutes <
Bacteriodetes7’} Z71° WIS 242} 15.7%2F 16.7% <7}
sPAA QA FellM Z HITS ARSI

Z2 Collr=s 27)ol vlsl] I RN 2 HslE
Holx] AYARE 27 A9} Y3 Acidobacteria®] ¥l

i
I

olft
2
[0 o2 o2 1x

l



100 % 7
R 7z )
?.4 80 IEEEEEEEE
g
£
2 \ MW
g 40
L
£
g
S 20
<
[

0

A_Oday A_8day C_Oday

I Proteobacteria
Bz Acidobacteria
Firmicutes
B Chloroflexi
B== Actinobacteria
I Bacteroidetes
B Planctomycetes
[ Verrucomicrobia
WZzzza Others (<3%)

C_8day
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Table 1. Number of valid sequence, OTUs, Good's coverage for 16S rRNA libraries of condition A (with As(Ill), NO5~, acetate and
sediment) and C (with As(1lI) and sediment, without NO;™ and acetate) in the first (0) and last (8) day

Sample 1D Valid reads OTUs Goods Lib. Coverage (%)
A-0d 41,382 5,998 98.97
A 8d 44,963 3,638 99.19
C od 58,303 7,232 99.26
C 8d 69,776 7,266 99.37

=0 TSI Firmicutes’V 7Vl AES HolH
Proteobacteria, Firmicutes, Acidobacteria?t ZY2; 27.6%,
21.7% 2 11.2%2 -k AATH

Z(Genus) FrollA] A EHA, vk wpxt (8 day)
Z7 AWM= Pseudogulbenkiania(16.7%), Flavisolibacter
(15.9%), Bacillus(9.0%), Clostridium(7.3%), Bradyrhizobium
(2.1%), Pseudolabrys(1.7%) 4] #Z% Whd, 24 ol
A= Bacillus(714%), Clostridium(6.2%), Pseudogulbenkiania
(3.3%), Pseudolabrys(2.6%), Solibacter(2.4%), Flavisolibacter
(2.3%) 2 Bradyrhizobium(2.2%) 4°] AZF ). Heat
map 45 53l £(Genus) T=EollA I HE AlE9]
S R 549 ARl tidte] O frefrlgk 2olE
o1t = UdthFig. 7). £(Genus) =04, 24 A
o} 27 C= vl A0 daypell WIB¥E 7 T=27F A
o] AR Zlo® SRIFAAT, wiF vEAZ 28 day)ll
= Z ol vlsl] 271 AdXME Pseudogulbenkiania,
Flavisolibacter7} -AIgF 215 &1 = AUk vl A
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