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Microbial mechanism of sulfide inhibiting N,O reduction during
denitrification in fluvo-aquic soil
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Abstract: [Background] The products of denitrification are N,O and N,, thus it causes nitrogen loss and
increases greenhouse effect. Sulfide has a significant inhibitory effect on N,O reduction, however, the
effect of sulfide on denitrifying bacteria and functional genes of denitrification are unclear. [Objective] To
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study the effect of sulfide on the accumulation of intermediate products of denitrification (NO and N,0),
transcription of functional gene of denitrification (narG, nirS, nirK and nosZ) as well as the structure of
the microbial community structure in soil amended with or without carbon source. [Methods] Different
levels of sodium sulfide (0 and 150 mg-S/kg-soil) combined different levels of glucose (0 and
1 000 mg-C/kg-soil) were set up in soil microcosms experiment. Robotized incubation system was used to
monitor the amount of NO, N,O and N, accumulated during the incubation, and quantitative reverse
transcription PCR (RT-qPCR) was used to quantify the transcriptions of functional gene of denitrification
(narG, nirS, nirK and nosZ) as well as the MiSeq technology platform based on 16S rRNA gene
high-throughput sequencing was used to analyze microbial community structure. [Results] The addition of
sodium sulfide significant inhibited the reduction of N,O, but it had no significant effect on the
accumulated N,O. And the addition of sodium sulfide significantly reduced the accumulated NO. Sodium
sulfide addition significantly inhibited the activity of N,O reductase at a transcription level in a short time.
Sodium sulfide addition inhibited the transcription of Azoarcus, Microvirga, Ensifer, Azohydromonas,
Bacillus, Skermanella, Shinella, and Chthoniobacte. According to the query results of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, the addition of sodium sulfide inhibited the
growth of N,O reducing denitrifying bacteria that cannot produce N,O. [Conclusion] The increase of soil
sulfide caused by compost or other reasons leads to the inhibition of N,O reduction in denitrification
process, which is due to the inhibition of nitrous oxide gene transcription and the selection impact of
denitrifying bacteria. This study would be helpful to understand the microbial mechanism of the impact of
sulfide on nitrogen metabolism.

Keywords: Sulfide, Denitrification, N,O reduction, Microbial community structure, Fluvo-aquic soil
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Table1  Primer set of regular PCR and RT-qPCR
HARZEH 514 5| Y1751 R B
Target gene Primer Primers sequence (5'—3") Size (bp)
AGAGTTTGATCCTGGCTCAG
B37) _
165 rRNA 27814928 TACGGYTACCTTGTTACGACTT =
TCCTACGGGAGGCAGCAGT
2 g [39]
LIRS UmERTL U2 GGACTACCAGGGTATCTAATCCTGTT s
TCGCCSATYCCGGCSATGTC
o/, [40]
razG; RSy GAGTTGTACCAGTCRGCSGAYTCSG 173
AACGYSAAGGARACSGG
. [41]
& BRI GASTTCGGRTGSGTCTTSAYGAA a2
GCCTCGATCAGRTTRTGGTT
. . [42-43]
nirK nirK1040/F1aCu' ATCATGGTSCTGCCGCG 473
- sz CGCRACGGCAASAAGGTSMSSGT .

CAKRTGCAKSGCRTGGCAGAA
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Figure 1 Accumulation of intermediate gas products of denitrification during anaerobic cultivation
e A: NO L B: N,O FLER; C: N,O 550 HdE LIS %ESEM HIIEZUE/R. One-way ANOVA Fil Fisher LSD’s post hoc test
WA T AR 25 R FAE. . P<0.055 ™2 P<0.01; 777: P<0.000 1.

Note: A: Accumulation of NO generated; B: Accumulation of N,O generated; C: N,O index. Bars represent means=SEM. One-way ANOVA
with Fisher LSD’s post hoc test was used for comparisons. : P<0.05; : P<0.01; : P<0.000 1.
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Figure 2 Sodium sulfide addition inhibited N,O reduction
T BURLPEEESEM MIERURR.

Note: Bars represent means+SEM.
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3 16S rRNA EEMHUINGEREEREIENEE
Figure 3 Quantification of transcription of 16S rRNA gene and functional gene of denitrificaiton

TE: A narG JENFRIKRY/16S (RNA ZEHRIAR; B: nir JEINKILR/16S 1RNA ZEH KA C: nosZ ZEPIFIAR/16S rRNA JEN
Fiktt; D: 16S rRNA SEHRIA AL ns: A BEZE R nd: FEEFIAFRIRINEE S K BIE. One-way ANOVA Fl Fisher LSD’s post hoc
test BRI T AR 945 R0 A%, B AT HIRESEM HJEURR. " P<0.05; 7: P<0.01; ™ P<0.000 1.

Note: A: The ratio of transcription of narG to that of 16S rRNA gene; B: The ratio of transcription of nir to that of 16S rRNA gene; C: The ratio of
transcription of nosZ to that of 16S rRNA gene; D: Transcription of 16S rRNA gene. ns: Not significantly different; nd: The transcription of gene was

not detectable. Bars represent means+SEM. One-way ANOVA with Fisher LSD’s post hoc test was used for comparisons. : P<0.05; ™ P<0.01; ™"
P<0.000 1.

24 TIEEBESEHNES MHESTF(E 4A); ik MANOVA K567 LA
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Figure 4 Microbial community structure under different treatments
T A BCEIEREEBOYSHT; B: MANOVA HEATIIREGSIIZE. : P<0.05; ™ P<0.001; " P<0.000 1.

ek kot

Note: A: PCA of microbial community structure; B: Clustering of microbiota calculated by MANOVA test. : P<0.05; " P<0.001; ™" P<0.000 1.
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fdi ]l LEfSe Pkt CK. C. S I C+S A2
5 ASV (LDA=2.0), H:Pk#kK15 41 12=5% ASV (A
5). MITIHHE 2R ASV 5 N,O $85UhY Spearman #f

2, X 171225 ASV H1 2 ME CK 4 H L A A
SRR, 9 NE C i AN 25 A
SATE S P EE AT ERE R, 1 ME C+S 4

KHERE, KIM1T 27 ASV H NLOFBEAREX AN F B fm (3R 2). 76 CK 4/ C 4
S C C+S N,O index
[ | ASV 257
L [ B | ASV_426

ASV_15

I — I 5V 315
O/ I SV 246

I B AsvoI082
[ |

ASV_699

[ ASV_144
[ [ ] B ASv 449
ASV 23]
ASV_74
[ ] ASV_466

BN v 443
ASV_383
ASV 341
ASV_53

ASV 679

a b c

5 LEfSe HLiEBIZE R ASV (LDA=2.0)
Figure 5 Different ASV picked out by LEfSe with LDA=2.0

e oa: 5 ASV #IRZER ASV HRARMNTFEEFEN Spearman MERXRHAD; b, 25 ASV FE M Log2 HEATHRMEIL) I
Kl c: 25 ASV 5 N,O #8%U/% Spearman FHCREGHEME, . P<0.05; ™. P<0.01; ™. P<0.000 1, 255 ASV F (k278
CK 4 F AN F2 B e i A 22 5% ASV, S ity FMJ%’W—M&E’JET C éﬁqﬂ%%zis*ﬁxﬁif“ EHER ASV, Rt
REYRAE S AP AN R S 25 ASV, FARGLL AN T RIZ AR R AE C+S AR F R R AU 255 ASV.

Note: a: The different ASV was organized by Spearman’s correlation analysis based on relative abundances of transcription; b: The heatmap
map of the different ASV, and the abundance of different ASV was normalized and log2-transformed; c: The Spearman correlation between
the different ASV and N,O index was shown on the right, * P<0.05; . P<0.01; T P<0.000 1, the relative abundance of transcription of
different ASV in green font were highest in CK, while in green, bold and underlined font were highest in C, the relative abundance of
transcription of different ASV in firebrick font were highest in S, while in firebrick, bold and underlined font were highest in C+S.
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Table 2 Taxonomic status of different ASV that had significant correlation with N,O index
ZE5 ASV AbEx - N.O ] XN H B )&
Different Treatment' HREC Phylum Class Order Family Genus
ASVs N,O "

index

ASV_50 CK - Proteobacteria Gammaproteobacteria Betaproteobacteriales Rhodocyclaceae Azoarcus
ASV 443 CK = Proteobacteria Gammaproteobacteria Betaproteobacteriales Rhodocyclaceae Azoarcus
ASV 53 C = Proteobacteria Alphaproteobacteria  Rhizobiales Beijerinckiaceae Microvirga
ASV 45 C = Proteobacteria Alphaproteobacteria  Rhizobiales Rhizobiaceae Ensifer
ASV 284 C = Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Azohydromonas
ASV 268 C = Firmicutes Bacilli Bacillales Bacillaceae Bacillus
ASV 75 C = Proteobacteria Alphaproteobacteria  Azospirillales Azospirillaceae Skermanella
ASV_468 C - Proteobacteria Alphaproteobacteria  Rhizobiales Rhizobiaceae Shinella
ASV_162 C - Verrucomicrobia  Verrucomicrobiae Chthoniobacterales Chthoniobacteraceae Chthoniobacter
ASV 9 C = Proteobacteria Gammaproteobacteria Betaproteobacteriales Rhodocyclaceae Azoarcus
ASV 308 C = Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae
ASV 67 S + Actinobacteria Thermoleophilia Gaiellales Gaiellaceae Gaiella
ASV _1082S + Cyanobacteria Oxyphotobacteria Nostocales Phormidiaceae Phormidium
ASV 699 S ais Actinobacteria Acidimicrobiia IMCC26256
ASV 74 S ais Entotheonellaeota Entotheonellia Entotheonellales Entotheonellaceae
ASV_466 S + Actinobacteria Thermoleophilia Solirubrobacterales 67-14
ASV_231 C+S + Chloroflexi K-96

TE: i 2R ASV EMPFMAL IR P OSSR AKIX E R T 255 ASV BESRAHIXTEEER N,O FRBUIN TR 1 WETEADE; —

BFEHAMRK.

Note: ': The treatment in which the relative abundance of transcriptions of different ASV was highest; : The relationship between relative
abundance of transcriptions of different ASV and N»O index; +: Significantly positive relationship; —: Significantly negative relationship.

SR AT F R RS2 S ASV 5 N,O 484D %
TAADE, 7E S HLFN C+S 4 R S AR 32 B fe i 19
ZE5E ASV 15 NoO FRBURF IEAH (K 2). 15 CK 4]
T C AP AT E R e 922 5% ASV A T
JEREWE ] (Firmicutes) . ZEJE 1] (Proteobacteria)
P ] (Verrucomicrobia), TiAE S 21 C+S 4
SR AR FERENZESR ASV 404 T ]
(Cyanobacteria) . LW [ ] (Actinobacteria) . %k%5
W [ 1(Chloroflexi)FIaF T | ] (Entotheonellaeota) (3
2)o 174 ASV IEAERREERER @AY, H7E CK
ZHFN C 21 Fp & s A AE R 32 B2 e e 1Y) A 455 [T U0 B
J& (Azoarcus) . TWEIEH & (Microvirga) . S 14 J&
(Ensifer). R AHMLIE (Azohydromonas) . ZFHFFIE
J& (Bacillus) . ¥WiFHe [CERF & (Skermanella) . H K
FF 1R & (Shinella) FVG 2R L [G TR (Chthoniobacter), T
TE S AN C+S A H G SRASAHXT =F B d5 e 1) )& A 46
Gaiella J& ¥ )& (Phormidium) (% 2, & 6), i

I KEGG Hudls FEAS I 1 J 1) S s Ak AR i3
HA A UK & 8 (Azoarcus) . B IE #F W &
(Microvirga) . | W J& (Ensifer) . #F i ¥ % J&
(Bacillus)FE AT 1 J& (Shinella) ) SRS A AR 0 %
AR R B3R 3). MR 3 i AT LA H . AR
B J& (Azoarcus) F1 W FCHT B & (Shinella) 1) 73 5 B A
JEHLA A NoO BB N0 IS 2R id R
(Bacillus)F) 3 B MR RIFEA ELAE NoO 7 AR Flid
e T B R AL A T 5 TS AT T & (Microvirga)
HhES 43 43 B T R (Microvirga sp. 17 mud 1-3 Al
Microvirga sp. HR1JEE £G4 N,O 2 J111 NLO ik
JEE, #R55 B W AR (Microvirga ossetica) e [FIf A
B4 NoO A AR SR BE T i RS AR AN T 5 SRR
(Ensifer)i157 B Wkk (Ensifer adhaerens Casida A)
FEHAA T NLO BB NLO iR, SR B e
¥ (Ensifer adhaerens OV 14 F Ensifer alkalisoli) &/~
4574 NoO AT NoO IR J A
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C+S

6 SN0 EHEREMRXKRMER ASV FIERMERABEX FE

Figure 6 The relative abundance of transcription of different ASV that had significant correlation with N,O index at genus

level

#3 CKHm CHPERABMFERSHIES ASV FIERRS B S BERA A L@
Table 3 Denitrification pathway of isolated strains of part of genera in which different ASV that had highest relative

abundance of transcription in CK or C was distributed

&4 KEGG %4 fhic s i i ik NO; i J5 NO, i J5 NO )5 N,O ifJit
Genera Isolated strains reported in KEGG database NO; reduction NO, reduction NO reduction N,O reduction
Azoarcus  Azoarcus sp. BH72; Azoarcus olearius; Azoarcus sp. DD4 =F + +
Azoarcus sp. KH32C; Azoarcus sp. CIB; Azoarcus communis; + F F 4
Azoarcus sp. DN11
Microvirga Microvirga ossetica +
Microvirga sp. 17 mud 1-3; Microvirga sp. HR1 ok
Ensifer Ensifer adhaerens OV 14; Ensifer alkalisoli +
Ensifer adhaerens Casida A + +
Bacillus e
Shinella Shinella sp. HZN7 + + + +

TE: Bacillus Sy EIIEMRK L, BRERATRARR. +: SUEGHIFA BB S B B R P

Note: The names of isolated strains of Bacillus were not shown in that there were so many isolations of Bacillus. +: A certain step of

denitrification exists in the isolated strain.

3 W54

B HENE 2 R S R IE s X, A
BIF 9 40 o S HENE PT R 7= A Ak 1™ . AR - 4
REAMIBT R BA HET X, AU R
TR M A A R e, T L B A A 2 A
[t NoO HERC S AR YA SCHS R, WF5E
BB HENE AT BE 7= A= BRAL Y, X T I 3 S i
feiiEh N0 TS IR A B S A AR 2
TR, ARSI R —Fh,

FATRIBE T SRR, B Ak A 5 i k=5 3

T NoO 8%, X ULBABR LA AV B & 1 T
N,O FHZE R [ (NO+HNL,O+HN,) L R B Ay L 3] . 3
HELL NO 1ENME— IR S5, E—
A WUE T B AL BV I R AR NLO B
SEAR IR E], OB BRALAN AT F N,O 1)
W EAMRIVE . Caffrey 25 BIRIFSY 2B 2 2
TS I SR AL A B TE R (4.5 h)BREETRLALYER
bt HR AR Z 2 H DY, ik
A NLO IR JFORIN G R A AL VR FHE.
TEBCE SR, AL EAXT 16S rRNA KA
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(IR BB B S, 0B BT BN SR TR
WA R E . DR TR 2 R A AR AN R e A B
fig, AL REREIN FRIK & 5 16S rRNA FEDH ik
Tt L] 7 722 Ak R 3T LU R s e S e 6 2 e L 1A
Tk ias. miba e TR E
) nosZ (IR E, Ui ERALEN IS SoKF-] 1
NoO W B TEE, SR 7 N,O ik it
TEBCE SRR N, B AL A 7S RS 378 BR L
AR A BE W, (HRECT W0 8 &
il QI 7 A 3 7 1 11 I O = N N Y+
(Azoarcus) . TWHEIE F # J& (Microvirga) . & % J&
(Ensifer). R AHMLE (Azohydromonas) . ZFHFFIE
J& (Bacillus) . Wik [RERHE (Skermanella) . H K
FF 1R & (Shinella) FVG 2R B\ [G TR (Chthoniobacter) W) s
g, PRAR T X SR W SR AT . A A
(Azohydromonas) . WiFlE [CEKTH & (Skermanella)
PR B R (Chthoniobacter) 1t KEGG %4 2 Hh 87
ToME I B A B 5 S . 78 KEGG #ds %
o, [ &R B B (Azoarcus) .« AL TE KT B
(Microvirga) . 8\ & J& (Ensifer) . ZF ¥ W J&
(Bacillus) 1 FCAT 1 J&8 (Shinella) 5325 1) SO Ak T AR
) NoO FUBIRE J1 vl LA = K2 (1) AHA N0
PR IR ) I R AR AR R, ALEE S LA R
(Bacillus) W) 53 B RE . ABTE A 8 (Microvirga)
[R50 B R (Microvirga ossetica); (2) H447™
A N0 BEI Y N,O iR i, A 36 A N i 8
(Azoarcus)P) 5T BS ML . W ERAT I6 )& (Shinella) W) 41
B . UBTEAT I E (Microvirga) W8 43 43 25 &
¥k (Microvirga sp. 17 mud 1-3 I Microvirga sp.
HR1) . &I 1 & (Ensifer) (355 53 43 B 1 Bk (Ensifer
adhaerens Casida A); (3) ANEA4 N,O eI
N,O IRJHEE, GIES & (Ensifer) 537 B AR
(Ensifer adhaerens OV 14 Fl Ensifer alkalisoli), Z Tl
HE 1 #E7 NLO IR 5L K (nosZ), {HJG N,O Fra: 5k
O e gtk 48 |
dehalogenans 1 Wolinella succinogens, 7]} N,O 1F
NHLFSZIR, JEIREE I ETE BRI NLO I,

4 Anaeromyxobacter

SEEARMR LA R, mibax AR E
NLO fE 71 NoO A Ji PR e S AR = BE (A, 2 dk
B NLO W JF Ay 25

RAEAEE R =Y N,O B R &, BT
At R NoO FRA A SR . BARER AL ARG
WHIIXTF NoO R R HAAIRIER , (R ey
BIMAFE N,O BLEE M ER . HEW AT fE &
DR Sy 5 Ak M 1 5 ] st 0 3 T s s Ak 4 L A 2
BRI R, B G R E A FEIR K A S R
S NN 35373 AN B 1A 7 NI 8 ut = S
AR SR AR AR B DO e e i 1

R LT, FER AR EE TR T, N,O
W2 Z 2 . KAl e PAALHE T - (1)
TRAL AN NS ST ARSI T N,O 38 J BRI [R] i) 2658
iy (2) GAbEInEl TR A E NLO BESII NL,O
R BR ) AR
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