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Abstract: Methane emissions in paddy soils occur through the decomposition of organic
matter by anaerobic bacteria, including methanogenic bacteria, under anaerobic con-
ditions maintained by waterlogged soil environments. These methanogenic bacteria
produce methane via the acetoclastic pathway or the hydrogenotrophic pathway, making
it challenging to determine the primary pathway for methane production. In this study,
we supplied potassium acetate (KOAc) instead of additional hydrogen supplements
to limit methane production through the hydrogenotrophic pathway, thereby analyzing
the conversion of acetate to methane in paddy soils. We investigated the effect of

https://doi.org/10.5338/KJEA.2024.43.10 acetate ions on methane production at various concentrations and confirmed methane
production upon acetate addition. Furthermore, genetic cluster analysis revealed that
Korean J. Environ. Agric. 2024, 43,101-108 Archaea dlusters likely respond to acetate ions to produce methane. Soil reaction analysis
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T2 EEE9 AU Ha, 287 WA, £ A = AL 049 @714 A oA BlRETH4]. SAlA Hg
HiEFo] 7HE B2 Eoks S4t ool T2l 2 & = AP Wee] 71 2 HiEdd ZAor E4EH 1] Y i 2
gt & HE Alichs =ollA TAshs FiE2 AAIAZCRE 8% o202 HSEHY 5784 WA 50% ool =2l -2t
9] A9 2y % wek dhyo] oF 2297} ¥ Al T oA whA¥s T QLTH1,5].

Hgko] WAYsE7|of Aot @714 270 A A XHHHX]L g AEfA R oy B2 HES viEd T 46]. B
= EGE A 32 ATt @714 242 fEste] B /7189 @714 BAaE oA mEge 7|2 WEITT.
= A HiE == Hgte] oF 90%+= B o] 4 £ Ql arenchymatous tissues 53 7|2 W& HE IR 3t F¢-
TG FE2 QoAU 2o 52 & g HEL F5 diVI=E FAE89].

HESHA ”ﬂ‘?l A 2 7R, AF A, oI EAN B/, LE AL g Ao R 4t AR FHESh=H|[10], O EARS
o ol FAT B0 L e Y BPAR ZloiaT1]. o] Bl AEe ezl L u
2lof, oPAIEAL A Steleloh diet 4 1A /1 18e] 1ol Motachizl, e A4 nAlol Bolok ek A4
AZ=E O}AﬂE/\ 7 & (acetoclastic methanogenesis)2} 5=4+/0]AS}EF4 7 2 (hydrogenotrophic methanogenesis)7} 59§t o &t
A AR 2 A A ATH13]. Acetoclastic AE9] A Methanosarcina®} Methanosaeta 5 £0] 2 35t acetoclastic A= 0]&
et JAdHFOoZ AHA JOom[12,14] o] U]AYEE acetyl-CoA enzyme F9f| OFH|EAFS acetyl-CoA (Acetyl-Coenzyme A,
CH;-CO-S-CoA)Z &4 3}3t 0] % methyl group> H|EzZfslo] = 2 v el L E| # (teterahydromethanopterin, HYMMPT)Z Zo]5}al
carbonyl group OJAHSIERACL =4 T EFsto] ®FE3SITH11,12]. Hydrogenotrophic F 204+ CO,7} HMPT, HEb =2t
(methanofuran, MFR), 18] 1 2-H| 27} E of| gk I 1| o] E(2-mercaptoethanesulfonate, coenzyme M, CoM-SH)¥} 72 2114 o]
A4S Asto] 749t coenzyme Fyg (FigHo)0l AR oJA| = 2-8-5t0] CH 2 SHAAIXITH15,16]. wHEHA] ot EARS E ol
2ol oA EAR methyl groupT} carbonyl group®] Z+Z} acetoclastic 22} hydrogenotrophic A2 E E9f gtz #3ke
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£ =RolME oHEA ZE2 = EYOl 3806t EG W oMAEARS E-83t did B FEiE BT ofAEAE
e AT EHN 7142l 4ol 29 Fg= ARtetalAt s1lom olF Eo EYY acetoclastic FEE 53 HH A4
2 Polshe djg wARY SUE AMEIA selr

A AYstr] i Agdistao] QA7 = EW(35°1024.1'N 126°5353.3'E) Q]of] 712 By} AgA|gog 34 BR
Skl AER] o A= AF1(35°54'14.4'N 127°09'10.9"E), JAFA](35°54'36.9'N 127°00'49.2"E), ZIA|A](35°49'32.2"N 126°53'31.0"E)
oA, 181 AGAGoAE= M T X H(34°36'47.6'N 126°18'48.9"E, 34°30'58.2"N 126°32'42.9"E)T} A T+ A7 (34°
3723.9'N 126°46'13.8'E)S A5t & 2o 2% 104 oA} Wil B A7} AAE Eofo g &7]|4 EofzAo] & FAlE o]
UL, 53] AEAH Al A9 EFS U] SAAHE WAt o|fA = EYS HH#sHH, Ad sidwe] EGS 44
FTHIREGE)E 7INtoR o= 4Rt S v 23t JAEFE 9159 EFS 7= 20 48A o] HuTo =
A5t 18]. dRtA o g AE A EGS $49 pHE 181 FEE= A9 pHE 7H= A2 AN UTHE=FAE
3 R E=FA, 2001). AEetn et X gH 02 77te AP0 g ko] = EQF(35°20'05.1"N 126°57'44.2"E) = A1 51Tt
ZH A9 =04 5 m HALE Tl X9 = EYOIA 10 em Zol9 EEE F=E YA olF At EFL -70°C
YsAol EEstaitt.

=ES R HEZYH A HE

AGetn AP A P35 = EOF 20 g& 160 mLY] serum bottleo] Y& T ZH4T Q5| LI A GAtE R
UHE T oA EAL 2 2._ 0.086 g (20 mM) = 043 g (100 mM)Z d71519ch. o] % wjeh Whago] 22w 9l 35°C QlsfH|o]Efo]
B 7 79 ZHH 22 33] serum bottle 3715 W e eHFE SHSIATH19). ES A, AEAS 71| v S ¥l
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Ao A= o FUsE BHO 2 160 mLY] serum bottleo]] 20 g9 EFS Y2 & o EA ZEE 20 mM 52 S3okal
79 7HAC=E 23] F 1447 vig WS S v ST Serum bottleo] EYE HE7FAE 20 mL FAM|E AHESHA
AR, ZALE 20 mL vialo]] Fste] B T JEA BALS A5 HWEHTAE GC-FID (Clarus 680 GC, PerkinElmer,

Waltham, MA, USA)Z A BA3ILE GC HE ZHOZE HayeSep Q AL AX|ol1 Y, AY, HE7] &5 217
150°C, 50°C, 300°CZ2 A5ttt 7] o]5AloZ $£AE AdATVIARL oo]E ALLsYT

AS E2 A2 HIEH UM =X AMH
Adfely A|EZA A A3 = EQFo] 20 mMo] oM EAF ZE-S H7H+KOAC)SH 3 33 =91 ujQkslo] AS (Activated
Soil) EFS FH|5IAE AS EG2 ot EAL ZE9 H7IE He BAAFY #-o] Zskd Eolth

stejajo} 2

dre| 2ol EHEAS 6l oMEAN ZES H7Fstal 1537F v Rt == EQH(+KOAC) E+= 357t v 43t serum bottle 2]
EQF(AS)E AF st H, NucleoSpin® 19 soil kit (740780.50, Macherey-Nagel, Diiren, Nordrhein-Westfalen, Germany)E AR8-5}0]
gDNAE FE59th 53 DNAE FHOZ 519 marA F-4AF AES Y5l primer set, merA-F (YGGTGTMGGDTTCACMCA
RTA)2} merA-R (CGTTCATBGCGTAGTTVGGRTAGT)E ARE5lo] 1" PCRE 35133l NexteraOverhang mcrA_F (TCG
TCGGCAGCGTCAGATGTGTATAAGAGACAGYGGTGTMGGDTTCACMCARTA), NexteraOverhang mcrA_R (GTCTCGTGG
GCTCGGAGATGTGTATAAGAGACAGCGTTCATBGCGTAGTTVGGRTAGT)S AR5} 2" PCRE Z34ste] NGS A|EAES
g sttt EA, AZ, tHeRl=)[20].

Aoty o
OfM|EAF ZHE 2| H|EH A 3}
OIN|EARS: AR 7|4 ogt 2hA) 1A|w9] wgh g daa AREETH12,14]. oMM EARS Methanosarcina®} Methano-

saeta 5O ]3] methyl group©] acetoclastic 22 HELO 2 2= T carbonyl group OJARSIEFASL =4 FE|Z WHEE of
hydrogenotrophic JZE &-&sl= AldEol 95 Hgte g Agtdct g2 F79] dgdFes2 EY vFE 95 5 f714t
O % oM EARS AT & Aol s = EFOIA T 7714kl ot EALC 2 7 E Hgh /S WSS ofA| EARA
TEEE Tl F= AlRtstaAt OV\ﬂE F ZE2 ARSI 015 B3l = EYOIA Acetoclastic Z=E 59 HiTH HA
B/9S IS0 oM EALY oA EA ZHE-2 pKa F1o] 4.756(20°C) 0.2 FA5t0] F2 B 0| oM EAL = O EAN ZE
= 38% 4 &2 5=9] oM EA % 1%01 AlSHh o3t 7Ho] we} ofA|EAt} obM|EAN AES 247 20 mMA =
EFol A=stdar wigt AT ST 23 obA EAHHOA S A2 St EGolA= A2 & 7€) 7,500 ppm, 144°] 10,600
ppmO] =ESt= BHH oM EAF ZE(KOAE A23t EYolA= AP & 790 1,260 ppm(CHA|EA ThH] 16.8%), 142 7,410
ppm(CFA| EAL tH] 70%)0] WA sto] ofA|EAL tfH] wgt Aol WA TS E ATHFig. 1A). ol& Al 7HITE f240]20]
F7H 0% FFEA ot hydrogenotrophic F25 &3 g TAFo] ARtE o] At Az PAHnt. = EFOA ofAE
At g SEOE AAtEE g BT AZtol wEt S45HE 20 mMO] ol EAT ZES H7F F 7Y, 149, 219, 28Y0]

AAA-S o yEro] Zkzk 230 ppm, 450 ppm, 1,310 ppm, 1,790 ppm S35, 100 mME] oM EAL ZHE-S HA7IHS o 22
Ao A 242} 10,170 ppm, 26,400 ppm, 21,700 ppm, 11,000 ppm 2HAE3H A0 2 =L Qt(Fig. 1B). A oA ofN|EAL Z-Eo]
20 mM SFEHUS W Hgh2 2890] Bk Wi7hA] v A 2o IYFE FAISHAA A&EH 08 FTI6hE A ow HHEIX
Tk obMEAY ZEZ 5H] S7HAIA 100 mMo] SFE S He 1490] AAFE o Ao TS Holil, o]F A&HFHo=
gk dAFo] Fashs A 02 YeEHTh 100 mM2] ofNEAL ZHEo] F7HE dlofl= wigh EAFo] 20 mM H7} dfn] 14
715 60Hl} o]/, 219 710l 154 ol/do] TSI, ol S5 %= oM EAtol2o] iRt whEt v TAEo] S5
< 2t e Aor Holth ERF vje TR0l F49] 71ESlelhs W 718l ot EAL ZAEo] WiaA AREHA 14Y
o|F gk d¥Fo] §435| Haste TS EHATH21,22].
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Fig. 1. Trend of methane production in paddy soil by adding potassium acetate.

(A) The methane produced by adding acetic acid (HOAc) or potassium acetate (KOAc) was compared 7 and 14 days after treatment
in the paddy soil. (B) Methane was measured every 7 days after the addition of 1% or 5% potassium acetate. All measurements were
repeated four times, and the average values are displayed. Error bars indicate the standard deviation.
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OMIEAtHof| 2| ch H|EH MM £ X
A AFOA oA EA ZES 71 EGOlA viet HARS F7I6IAL 5] oM EAN 49 ¢ STHIHS We
et 2y °l A SHEHE 245 SAsHUh ol e 27 acetoclastic FE2E E-Eoh= A7 LAY S7tE g
gelstr] flsted OW—E— ZE-Z A7koto] 3557t v YRt E Y(activation soil, AS)Z A|AStaL IAlFo] BigE AS EYS

10% Z3F3E Addro A gk Aol wi2A £X18 4= A=A FUsAtHEig. 2). ol oHEA ZES H7IRE EgA
Hgt g T @714 BtEEot AT AS EGE Mg RS W 2719 = EGET ¢ HEA Hgs JGAZE 5
U Aol 7MY o AFS AT 27] = EYQ Fresh soil(FS)Oﬂ OMEAN ZHE-Z X7t ¥ 4, 79, 14¥0] AAFES
] 190 ppm, 447 ppm, 1,312 ppm®] H[Eto] XS ¢ H]] AS EFS 10% 7S Foll= &2 7]7to] FATs & 781 ppm,
1,496 ppm, 2,641 ppm 59| Hgto] Agsto] As EFO] vgt WA £4 Galrh ERIEQIck(Fig. 2). o]23t A=
28 4§ vt B4 wegort SAE EGE o]&sto] v /%“é% A 5= A2 HolETh23]. 0|9 &2 AS EYS
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Fig. 2. Comparison of methane production from the soil activated with potassium acetate.

Non-treated paddy soil (FS), the activation soil (AS) treated with potassium acetate (KOAc), and the soil treated solely with KOAc
were subjected to assessment for methane production activity. The activation soil was prepared by adding 1% of KOAc into the
paddy soil and incubate for 3 weeks. Each measurement was conducted in four times, and the mean value was displayed in the
chart. Error bars indicate the standard deviation (SD) of the measurements.
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WY BREH olF EOWOE Aotstr] At W NEE H3f oAEA ZES A8 & ¢ Uk

= EFolA AR 7y H3HE gRlsty] sto] oM EAN g A7t

=) A5tiet. HE A HrE ot 242 915t merA R8RS 714 E A
754 O EAF ZF 7} & BERE R o= Archaeono] 2 715t A0 2 EAE|QTh(Fig. 3A). Archaeon w2 OMN|EAF ZE-S
H7F5HA] 4o B Hlﬁﬁ —}‘ 1.74) Z7F519aL AS EYOIAE oF 30% Z715 A0 & Yelytth YhH Methanogenic 73} soil
bacteria w2 OFA|EAF ZHE H7F & 50% o8 AT A0 R YE o AS EGoAE tiAlE A 7 S5 UTHFig.
3A). o]#d ZI= Archaeon o= acetoclastic FJE2E 0|83 HIEFE TAYAZ F U= IAHFo] ZFEH O] = A=
MG = EFOlA ot EAN ZF H7tE W¥sks #ete] Aol Archacono] A&l 32 Qn[trh SHH acetoclastic HEE
olgst= AoE UHA Het A #- QA Methanosarcinaceae?} Methanosaetaceae®] 735 A3 EFo| A= ofQ L H#A
5 Hetfol f-ougt £40] of2{ it o]&dt Atz 7]E0] YA acetoclastic A= E-§ Hgk B 2ol HE TFL
TAlo] EAE = EFY 8 Hg WA O E ATt USS HolErH24,25]. R4 AREE AR fAMI= EAISH
7] $18l Bray-Curtis ' O & PCoA &A= AAISIAIL FA|2] = EYY o EAN 4 AY] EGES AR OE Jdo= Hes|
TEEACH AS EGFE FA YT o EAL ZE A7 EFY FxHE Aol YX|sto] F-olgt FHEA0] o]HF S Kol
JTH(Fig. 3B).
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Fig. 3. Methanogen analysis activated by potassium acetate.

(A) To predict the methane generation pathway, the distribution of methanogen archaea in soil treated with potassium acetate
(KOACc) and activated soil (AS) was compared with non-treated paddy soil (Soil). The population of methanogens, including various
Archaea, was indicated by the count numbers detected through NGS sequencing of the mcrA gene. The error bar represents the
standard deviation of duplicate sequencing results. (B) The similarity between samples in the metagenome analysis results was
calculated using PCoA analysis and visualized as a distance matrix.
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Fig. 4. Comparison of methane production in the various region of paddy soils.

(A) The paddy soil sampling area is indicated on the map of the southern region of South Korea, which is a major rice cropping area.
(B) The distribution and abundance of methanogenic archaea in the sampling area were compared. (C) The amount of methane
generated from the paddy soils sampled regionally was compared. (D) The comparison of methane production was conducted after
adding 1% of potassium acetate to the regional paddy soils. The collected soils were incubated for 14 days in gas-tight serum
bottles, and the methane concentration in the headspace of the bottles was measured. All measurements were repeated five times,
and the average values are reported. The error bars represent the standard deviation of the measurements.

mlru

(Fig. 4B). 3ll'gt T A Y2 methanogenic +HNAE AHH O R 2 FAFE YePHI L s gt29t Lol A Methano-
o

sarcinaceae®} Bacterium 439 A 7 AHAoRE =4 5;‘45]9}‘:]' HAEA Y AA|A = methanogenic 7oA JAA =
Methanomassilicoccales <O A Tha &2 o4 5 7= A2 A=l “% iﬁL g Aol Hgk TS S5t At
]
= vl

EAH Al 3t ZAA0.6 ppm), 24FA](0.8 ppm), FF(3.0 ppm)— QW AR AR (7.0 ppm, 3.0 ppm), 717
pm)oﬂ H|3f| iAoz g we TS UEHH O H(Fig. 4C), O EA 25 J7HES W e YT oS 2 Aol&
UEr o] &2(12 ppm), 2J4HA1(67 ppm), AAIAI(34 ppm)°]l HI3} SE<£1(2100 ppm), S'E2(130 ppm), ZFXI(140 ppm)
S AEAY = EFA oMAEA ZE EH°} 2 e I WSS TES S QlQITh(Fig. 4D). WA EOA tiA=
& Archaeon w4 7} FAEIL o] X[ 9] EQFoA oA EAN Zgl et w2 HE He EA4o] HEEHE ik Addiet
W AP RG EQFE o] &3t oM EAL ZE H7IR F710k= Archaeon oA = At Aol AR YL TH(Figs. 3A, 4B~
4D). Z71H 07 1 A A9 AL olNEAN ZFE Hrt & u|er dheko] ZulR o g Zy1et AL E 4 94 ol g
A7 9] EQFo| Archaeon ¥} methanogenic 7 2504 7FE w2 50| oA £&5 Uehfy] qiEo 2 AztEct x| didst2
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EOFS H 5:5:0) obHEAL L8] thet vk A% BHE LR X|2H(Fig. 4D) Archacon FA] oA H2
Aol e WA 274 %)= (Fig. 4B) o]2fat A¥H= Archacon T WO TAlE ol ulet wg 44 wgol
A U D88 A3 5l 01 A A 24 A apa
£ AT oA ZEY = EGOIAY] vg WA 27 AIE PFHIAh oIEAL ZEL opi|EAR A
SUBE 2242 5 glort veh Wy B4 WA thi 2l A3 B4S Boliy] ol ohdEANE Yl opi|EA ZEol
£0129] 3301 AU WL L FAAAE A= TSE AU PR acodsic 32 BT 01 1Y
FAES B8 EF HolH R acetochstic FEE 0§ T WYAIE weelo} THL
AESE, SHAEA 2ES s 45 2AZ FIAE Archacon THE 53] HLALT, B3 4 ek 919 & 2ol
Archacon 70| B3] gk AA G A Yo KA opEA ZFl et L ek WAFE-S AL ol9}
ve A Ao Egel g B0l GE oAE £ 4 A doleE AT

Oli
2
.
Lo
18
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