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ABSTRACT

In the results of monitoring nitrate concentration in more than 8,000 groundwater wells around agro-livestock, the average
and maximum nitrate concentration was 9.4 mg/L and 101.2 mg/L, respectively. Since about 31% of the monitoring wells
was exceed the quality standard for drinking water, nitrate control such as remediation or source regulation is required to
conserve safe-groundwater in South Korea. Typical nitrate-treatment technologies include ion exchange, reverse osmosis, and
biological denitrification. Among the treatment methods, biological denitrification by indigenous microorganism has
environmental and economic advantages for the complete elimination of nitrate because of lower operating costs compared to
other methods. Major mechanism of the process is microbial reduction of nitrate to nitrite and nitrogen gas. Three functional
genes (nosZ, nirK, nirS) that encode for the enzyme involved in the pathway. In this work, we tried to develop simple process
to determine possibility of natural denitrification reaction by monitoring the functional gene. For the work, the functional
genes in nitrate-contaminated groundwater were monitored by using PCR with specific target primers. In the result, functional
genes (nosZ and nirK) encoding denitrification enzymes were detected in the groundwater samples. This method can help to
determine the possibility of natural-nitrate degradation in target groundwater wells without multiplex experimental process. In
addition, for field-remediation application we selected nitrate-contaminated site where 200~600 mg/L of nitrate is
continuously detected. To determine the possibility of nitrate-degradation by stimulated-natural attenuation, groundwater was
sampled in two different wells of the site and nitrate concentration of the samples was 300 mg/L and 616 mg/L, respectively.
Fumarate for different C/N ratio was added into microcosm bottles containing the groundwater to examine denitrification rate
depending on carbon concentration. In the result, once 1.5 times more than amount of fumarate stoichiometry required was
added, the 616 mg/L of nitrate and 300 mg/L of nitrate were completely degraded in 8 days and 30 days. The nitrite,
byproduct of denitrification process, was also completely degraded during the experimental period.
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Fig. 1. Denitrification process by Nitrate reductase, Nitrite reductase, Nitric oxide reductase, and Nitrous oxide reductase (Bannert et al.,

2011; Michotey et al., 2000; Braker et al., 1998).
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T FYUES B AEARY] BEES STHRPI=

HPHOl =2 x}A*7HSNA, stimulated natural attenua-

O

>’_\ll_4

o

tion)°] ATt BALFSIS-(denitrificationyS NO37}F N,
72 HFHoZ FYEE WRSOlth(Fig. 1). olwfol,
ZZPYdEZ NO,(Nitrite), NO(Nitric oxide), N,O(Nitrous
oxide)’} lom, Zt AElof] FAHE A
reductase, nitrite reductase(nirS, nirK), nitric oxide reductase,
nitrous oxide reductase(nosZ) S©] ATk 53], nitrite
reductases EFAIE11g0] 71 )49l FaolH, e
2+sl P E2  cytochrome cdl(mrS)Jf} copper nitrite
(nirK)ys X8R}, w3k, 2R AE-2 NO, reductase
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et al., 2011; Michotey et al., 2000; Braker et al., 1998).
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ES Hrretaat etk olF Sl % os a4
A8} Bkl Hofske A4S FAskL e s ARR
AHnirk, nirS, nosZys A7 1% 7S S F,
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Table 1. Stabilization criteria for recording direct field measurements (USGS, 2008)

Content

Stabilization criteria

Electric Conductivity (EC)

Temperature
Hydrogen-ion concentration (pH)
Dissolved Oxygen (DO)

- Conductivity <100 uS/cm, within 5 percent of full scale
- Conductivity > 100 uS/cm, within 3 percent of full scale

- Within £ 0.2°C of the thermistor thermometer
- Within£ 0.1 to 0.2 pH unit
- Within £ 0.2 mg/L (£ 0.3 mg/LL for continuos monitor)
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2.4. x| 3 20LE2H0|E O|&Et fumarate =44

oz e fumarate™AS #1351, 0.45 um
PES membrane filter?2 33+ X|g}FA1R 5 20 uLEs
UV/VIS detector7} A28 Simadzu HPLC system(LC-
30AC pump, SIL-30AC autosampler)S AFE3le] E4J5}
Aot B8 AHL High performance LC-GMBH
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2.5. DNAEE
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& 4°C, 3,000 pmollA] 107 B2t A4 EEsiAT
ey & 2AZHA dsdo] AAR cell pellet>
DNeasy Tissue Kit(Qiagen Inc., Valencia, CA, USA)E
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SEE(260/280 ratio)S 13K
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Genomic DNAE F=35F & 13021 53717](MyGenie
TM 32 Thermal Block, Daejeon, Korea)S ©]-83}]
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7] ¥ PCRZEZIE Table 27 2t} PCRYMS-S F3j3t
%, agarose gel H7|95S T HE AIMES
BRI3}7] 913N, agarose gelZ2H-E F4H PCRAHES
pGEM-T vectordll ligation 3+ & E. coli IM1099]] &
A8 sl¥Y. FAAZFE clones A¥ES & 17
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DNA sequencingsS 33+ TE DNA  sequencing<
ABI 3100 AF5A7IME 4715 o835t ApAlgh v
HL ManiatistH ' (Kahng et al., 2002)°] we} =385}
o} 8% 71X el B492 Laser gene program(DNA
STAR, Inc., Madison, WI, USA)¥} GenBank®] blast
search®] databaseZ ©]-8-31T}.
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Table 2. Primer sequences for nirK, nirS, noeZ and PCR condition

Primer Primer sequence (Stl;; Thermal profile References
nirK876 ATYGGCGGBAYGGCGA 95°C, 10 min (Henry, et al., 2004)
160 95°C, 15 sec
nirK5R GCTCGATCAGRTTRTGG 58°C, 30 sec 40 cycle  (Baker, et al., 1998)
72°C, 30 sec
cd3aF GTNAAYGINAARGARACNGG 95°C, 10 min (Michotey et al., 2000)
500 95°C, 30 sec
R3cd GASTTCGGRTGSGTCTTGA 57°C, 45 sec 40 cycle (Throback et al., 2004)
72°C, 45 sec
nosZ2F CGCRACGGCAASAAGGTSMSSGT 95°C 10 min
95°C, 15 sec
n0sZ2R CAKRTGCAKSGCRTGGCAGAA 259 60°C, 15 sec 40 cycle  (Baker et al, 1998)
72°C, 30 sec

M=AC, Y=CT, S=CG R=AG K=GI, V=ACG

.

October
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5
I

PR

March April July

Fig. 2. Seasonal variations in the nitrate concentration of
groundwater at selected monitoring wells.

PR ZARIY, Frkgdae] A3 Hals ZUEY
3ltHFig. 2). 1¥9-3¥ A8y, AXAEds A5
= EHE-66.0 mgLe] BMAZ FYE 5.6 mgLelH,
B ke 8.2 mg/LoIt). 4¥~6¥ ZAFEAY, Fabdda
TE BAE-84.6mgLe] IR FYhS 62mglL

fl

|

=

=
[e)
oy, Wik 9.0 mygLe|tt. 78~99 ZAMAT}, ALt
AL TEE BHE-97.1 mg/lLe] MR SUE 6.1

mg/Lo|™, FHEES 9.1 mg/Leltt. 108~129 ZAFAT
AL FEE BHE-803 mg/Le] HIAR TUYIS
6.0 mg/Lo|H, BHZES 8.9 mg/Lo|lth. A Ha 7
ke Zhzt 382, 1712, 2812, 572 mm= #H=HAct
(Meterological Yearbook, 2011).

AL E 9 &2 Add 2 g glo] it
8.2~9.1 mg/LE RUEH HIUok I SRS Ask
Z AAALS AEEEE 84-13.1 mg/LE B ZAAT}
o} fAlsll o, QAE Aekre] ANS thiRE Sk
o] ot Aoz IR ATHHyun et al., 1994).

3.2. 3| EAHE R

IM NO;-NE A|AsE] $J8l SAYUOZ A fumarate,
formate, ethanol®] 3}stE2 JQ &4 1 MY 042 M
fumarate, 2.5M formate, 042 M ethanol2 3} H]
W BN 71E AAT, 040, 0.14, 0.01 mM NOy/
day®] #alEES 7 =5 4 UAATHKim and Kim,
2006). & AFolME, G80] 7P =2 Bz FR1d
fumarateE A3l & AAMIEAL AAE 21 ©@Aage
2 783ttt

e 5o e AL AES EEI] ¢
3] fumarate 0.92M fumarate/l M NO;-N@EFE=E% &
a7kl 2,081 1.08 M fumarate/1 M NO;-N@}H-E22]
Zdage] 260)E 83, Alse gdikst aa
(nirK, nirS, nosZ) ¥4 53 B aart EAsk= A
sig st AMdEA AAES st o
Z A8}t fumarate 0.92 M fumarate/1 M NO;-N(&}
ShFEA Fawe] 2000y FAT 4] wExolM=
Ak F AR A 7] FEF(114~120 mg/L)°] 15
A olF 10.7%, 14.7% FAA3IGTE 108 ol A&sl=
HES7IRE B9 AL Fae FUHEQ w3l glo] ¢
A FAEAE. wHACl, 1.08 M fumarate/l M NO3-N
£ FUT WA 27] AL TR 9 oF
wallslr] Ao, 2648 B AEHOE THAE|o]
it 1.13 mg/L/day®] w3lE< BAAchFig. 3). ol
g, FYS Azl BAY FEE F

Zojo
[ TARR=E
o AidEA AARE] FE  UdSS UERT

7143 WEZo A fumarate 98-S TUEHS 2

IHFig. 4), Exgld HET 9HSZ(fumarate 0.92M
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Fig. 3. Nitrate degradation in groundwater by addition of 0.92 M,
1.08 M fumarate for 26 days.
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Fig. 4. Fumarate degradation in groundwater by addition of 0.92
M, 1.08 M fumarate for 26 days.
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b ZUERE Aakr AlRdMe 27TEE7T 8Y7HA]

EC (uS/cm) DO (mg/L)

pH NH, (mg/L) NO; (mg/L)

Numerical range 1061~1480 2.17~5.57

5.6~6.5 0~6 213.7~511.1

=4=600mg-NO3/L with 0.63M Fumarate
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Fig. 5. Monitoring nitrate and nitrite changes in groundwater contaminated with 300~600 mg NO;/L.
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Fig. 6. Total mass balance of NOs, NO,, and N, in denitrification.
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Fig. 7. Monitoring fumarate degradation in groundwater
contaminated with 300~600 mg NO;/L.
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Fig. 8. Confirmation of nirK (L) and nosZ (R) in nitrate-contaminated groundwater samples by PCR and electrophoresis.

Table 4. Similarity of sequenced genes with nirK and nosZ

Size

Definition
(bp)

Identify

Analyzed Sequence %)

Uncultured bacterium clone TGACCTTAGGGCAAGTCAGCACCGCGCCGCAGACCGGGCTCGAGACCTGG
139 MWO00012 nitrate reductase TTCATCCGCGGCGGATCGGCGGGAGCGGCGATGTACACGTTCCTGGAGC- 93

(nirK) gene, partial cds

CCGGCATCTATGCCTACGTCACCCACAACCTGATCGAGGC

TCGTTTTTGTTTTACAATTGTAGTCTGCTTCACGTGCCGGTCTCGCGATCAGG

Uncultured Azospirillum sp.

TCGGCGACGAGGTCACGCTGACCTTGACCAACCACGACAAGGTGGAA-

246 clone nosZ 3-52 nosZ gene, GACTTGACCCACGGTTGCGCCATTCCGACGITCAACATCAACTTCATCGT- &9

partial cds

CAACCCGCAGGAAACCAGGTCGGTCACGTTCAAGGCCGATCGTCCTGGCGC

CTACTGGATCTACTGCACCCACTTCTGCCACGCGCTGCACCTGAA

C4 C5 C6 C7 C8 C9 Cl0Cl1ll1l C1l2 C13C14C1l5C16 C17 C18 C19

Fig. 9. Confirmation of nosZ in nitrate-contaminated 15 groundwater samples by PCR and electrophoresis.

AHES 3R1EIHY. 1 23} nitrate reductase(NO;—
NO,)Z TAIBh= nirk(160 bpy= Fig. 8(L)oIA Hole
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