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RS2, BNEASER EL (NO, ) bR
— AL A(NO) . X PP A A A py gk fk s, (H
PATE AR AT RED, 0 I Fh Dy RE L R 2 X 43 B il
AN b it R A Do R A St BB wof o g
PR G I i) LA B AT B . IRAHL T %2 5
A Y b R AV A0 A 1 AR ) RV 4t ) B R i)
K%

KA A =K, B4R 28] 1 i IX ]
UL KR R SR ERCL L H4ER, BEE K
AR NSRS e I S A= B T b AN
b Az 77 M FA I I K HETS S8 N SCTE B i i
KAEBRGEPATG I E B THRILE 2Rk
R R A A A 2000-2017 4F, KAT MKk
iV fii JC AL (Dissolved inorganic nitrogen, DIN)
e FEAE 110-143 pmol/L (12511 umol/L)J% 5 ; &
fi# JCHL#E (Dissolved inorganic phosphorus, DIP)#k
JETE 1.09-1.75 umol/L 284k, ¥ 10 4F i sh /N,
N/P {HE miik 100, FREFRFC R FLHE, L
WNEFEHRE S, J R AE IR T ER T I X 5
EOE SR, R ] R AR AU kA
H B0 P A 5 1 R B 2 R 2 BV U B

FEH, nirS T RE L B AR TUB FUK A b B e T 45
AN RTINS 3 A ]S T S L2
TR T B AR I S R AL nosZ Ty 8 3k X Y T
FELLSAN o0 A 73 A7, 3 qPCR X Sz il A A PR A
SR A T BT HO R, R R Ak SR Tl
M XA F 2 AUERR R, BEE & IR AA L
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WIE, FEFLEELI-80 °C WIRES HIFEHE
$EI DNA. IEJZHE KRR b R Niskin SRAES R,
Ji$ 27K iz i A5 HLEk (Dissolved organic carbon,
DOC)HEfh #E R4 J5 Sr. B 0.45 um 14 Je Je g Sk it
IE . BEJZ/K NOs FERMTERERIGSERIF 0.4 um 1Yy
BRI 8, WHCEAE-20 °C R HRIFER
I3
12 FEREIRREK

i BE L B S B ) CTD (Sea-Bird®
11plus, Sea-Bird Electronics, Bellevue, WS, USA)
ARH; DO Kbl fig A ACINAT, -4 Winkler f)
AT RIE ;s S8 = il ] TOC 43 A7 X
(Shimadzu® TOC-L CPH, Japan)iill & DOC #£ /i ;
PRI 5 g Zc A AR TR HEA R B 43-#r L Sl 33
JERL A (LS-100Q) M 75 I 4 , NO5 #F: il >R
75 [E Seal Analytical A= 7= i) AH_A3 BY 34 £L i 5y
AAMEASCINSE , i Cd-Cu i J5 7k Al i AU AU
550 nm i K 28
1.3 UTFRY.A DNA B PCR F1 lllumina MiSeq
Wy

fi /] MoBio PowerSoil® (MOBIO
Laboratories, Carlsbad, CA, USA)XH|&, HA4-
FEPRIR 0.5-1.0 g UL, Ui B R TR
/. DNA, A NanoDrop ND2000 (Thermo Fisher
Scientific, Wilmington, DE, USA)/3 %% daill &
ok g ANA s, A 1%3@5519%%WE¥]<@75"J DNA
PEIUBTRE T80 °C R URIRAF . Al S DNA i i
LH AT R Numina MiSeq M F X nirS
I onirk JEABEATINY, SRAIS1Y) cd3aF (5-GTS
AACGTSAAGGARACSGG-3')#il R3cd (5'-GASTT
CGGRTGSGTCTTGA-3)%] nirS 3L iif 74 12,
K H51%) nirklaCu (5'-ATCATGGTSCTGCCGCG-
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3l nirkKR3Cu (5-GCCTCGATCAG(A/G)TTGTG
GTT-3)%} nirk LR JEF TP 35, 20 ul B ik
EXON ﬁiﬂij ABI GeneAmp® 9700 PCR System —
X =47 PCRYHE, SUAF 20 uL PCR 2

NR A %, Hifu {5 5xFastPfu 2% i (4 plL).
2.5 mmol/L dNTPs (2 pL). 5 umol/L IE[f5|4)
(0.8 uL). 5 pmol/L fzInl5|#7(0.8 uL). FastPfu 2§
4M3(0.4 uL). BSA (0.2 pL). %4z DNA (2 uL).
KR ALK (9.8 pl); 10%Z% i (2 pL) . 2.5 mmol/L
dNTPs (2 pL). 5 pmol/L 1F[#5]4(0.8 pL).
5 umol/L JZ [ 5147(0.8 puL). rTaq R4 MH#0.2 uL).
BSA (0.2 uL). #4 DNA (10 ng). KE#E4EK
(14 uL), 7E 95 °C F#H4T 3 min BYRJERR (nirS F
nirK), 7E 95°C T#EAT 40 MEEF, £F£E2 0.5 min,
7E 55 °C F 47 0.5 min, 7£ 72 °C T i#47 1 min,
I Je AEARF] 72 °C R HEAT 10 min i@ i BE R L Uk A
alifb Y E B A PCR PR,

J i e e A48 AT Trimmomatic #7F B4

fi 1] FLASH #1792 . 58 50 bp % M,
MR E AN B E AT 20, ME HETSR AL
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W i P 4 A T BE R, BEHERT overlap 22 [8] 1 f K
Fi® oy 0.2, KEFHART 10 bp. EHBRICEPHEM
FPA1) o AR B 7 5 1 FE P ) barcode 15 | 914 7 471
Pror EEFEA, barcode TRREHAVCHD, 514 foiF
2 NREEEETC , ZBRAFTERIBRIE 1) 751 f ]
UPARSE %f4:(version 7.1 http://drive5.com/uparse/),
I 88% 11 AH L B2 X e 4] ik
Taxonomic Units (OTU)EEEY | FH75 B 2K 13
Hh L BREF SR G4, 1] FunGene Pipeline
(http://fungene.cme.msu.edu/FunGenePipeline/) X

1T Operational
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B35 H AT AN A2 BB, X fgr/nirS F
for/nirk Z4s 2, 18 X BIE R 70%.
14 BdRaHT
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TIZEAkA . {F ] OriginPro 2019b £ % OTU #H
XF=EJ heatmap [¥l. {8 SPSS Statistics 17.0 /34T
nirS Fil nirk 3% OTU 15 DO Fll DOC 2 [a] (i S& 1 .

15 FiRER

HAFEYIHEAEE NCBI GenBank e, ¥
5115k . PRINA660324 .

2 HERFH

2.1 UL EALIE R

MR RAE S KT L ICJZK B EUE L IR
L. DOC. fR#hvik B AT kAR S5 H Ak 1
LA R 22 2 RN R A3 3 AN IXH (1) AR%IX
(Hypoxic area): i T 7T I140, fudf H_A2 H_A3,
H_AS = Aufifr, FRZKMBMAENT 1.3-
1.5 mg/L. MERISUKERECER |« RS . Z iRk
R, FhEEEIK, DOC W R, /MR IX K
TURRW P EPRAR AR B 5 (2) w8 X 3 (Southern
area): (i TLAIX RS, f14% S_C3 F1 S_E2 M4
whifr, HERAME 54 3.4 mg/L Fl 4.7 mg/L,
DU BIRARAR N o R AR X 52 B VS IR

S, EEET IR K X3, DO K i 5 1% A X
$iE; (3) NPIR/KIX (Deep water area): i FILAEIX
R, FELSNE, {945 D_A8 Fl D_C10
PN, AR, 535 4.7 mg/l A
4.8 mg/L, KIFEHIKRT 100 m. 7 PMHFSERBE HAY
FRERVREA T 10.1 & 17.6 pmol/L ZJa)(F 1),
2.2 nirS Fl nirk ZEEHFEE T
L AVURIIREAI Y, $ide/ MEAS P 5 50

Vs RIR T 72289 4 nirS BRUTI, EHEA
FEA 10327 455 74284 %4 nirK H5UF4), “F4
AFEAR 10612 55 7F 88%AHMRLRE T HL4k15 346 4%
nirS OTU & 267 4 nirk OTU, H:H H_A2 A nirS
OTU 98 4~,nirk OTU 79 1~;H_A3 4 nirS OTU 88
>, nirK OTU 60 4~; H_A5A nirS OTU 112 14>,
nirkK OTU 64 /)~; S_C3 A nirS OTU 116 >, nirK
OTU 78 1~; S_E2 A nirS OTU 150 4>, nirk OTU
126 4~; D_A8 A3 nirS OTU 199 />, nirK OTU 96
“~; D_C10 A nirS OTU 202 /~, nirK OTU 79 />,
nirS FEN7EMR A XA H_A2, H_A3, H_A5 ulifi;
I, Chao 5%l ACE #5E (] TG FE AT &
Frdr OTU 2 H fa %, MeEusm Rz FEE
BN TE 3 X i Ak AMETRIK X ) D_A8 Fil
D_C10 WAHJz, Chao 5% ACE f&%uiw i,
Shannon 48 % (H T B HE I5 2 FE M 45 48,
Shannon fHEAK, IS 2 FEPE R ) AR = o
nirk EE AR A X H_A3. H_AS5 F nirS HA
IR H (0 35 3K F A X 51, nirS £ Chao

SR ACE 48t = i3l 374 D_AS8 il D_C10,
RIARRERAK X 5 nirk 3£ Chao $8%UHi ACE 5%k
W RYuAly S_C3 Ml S_E2, RIS, iXik
W IR Ry R A AL D RE SRR, (H4& AW AETE A ALY
AR 73 (55 2)
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F 1l XHLNHZSEERBUMER
Table 1. Longitudes, latitudes and physicochemical characteristics of sampling stations

Isgmp'e GPS Location (E/N)  Depth/m  DO/(mg/lL)  T/°C  S/PSU L\ffj'slirai” Z;ﬂ " ?ﬁoﬁ "

HA2 12264 320 15 210 334 1501 29.0 16.8
31.66

H A3 12298 35.0 13 217 332 1974 62.0 16.8
31.69

H A5 12425 38.0 14 213 318 1048 82.0 13.0
31.94

s.C3 122.82 38.0 34 194 344 187 56.0 10.1
30.59

S E2 122.09 58.0 47 177 344 132 51.0 12.0
28.05

D A8  127.02 118.0 47 154 345  319.2 52.0 13.6
32.40

D Cl0  126.84 215.0 48 122 344 8Ll 40.0 17.6
28.31

DO: dissolved oxygen; S: salinity; DOC: dissolved organic carbon; NO3™: nitrate.

Fz 2. nirS N nirk ZEE SRR
Table 2. Diversity indices of nirS gene and nirK gene

Diversity indices of nirS gene Diversity indices of nirkK gene
sample 1P g_tl)_sljgved Coverage/% Chao ACE  Shannon g:slj;ved Coverage/% Chao ACE  Shannon
H_A2 98 99.9 1140 1181 26 79 99.8 1156 1121 20
H_A3 88 99.9 136.5 120.6 2.6 60 99.9 68.7 69.5 1.4
H_A5 112 99.8 1331 1314 3.1 64 99.9 75.6 79.5 14
S C3 116 99.9 142.0 1492 2.6 78 99.9 1221 111.8 1.8
S E2 150 99.8 183.6 1845 3.1 126 99.9 132.2 1341 28
D_AS8 199 99.9 2085 208.0 4.2 96 99.9 98.2 99.6 2.5
D_C10 202 99.8 219.8 2215 39 79 99.9 84.6 83.6 2.5
2.3 nirS il nirk FERZEAHT AR 3 AKIF oIS AR R AR X

ﬁﬁ%?@ﬁ*ﬁ?ﬁ%ﬂ”ﬁﬁ, nirs Ij]ﬁ‘ég &9#%57%7]“2, nirk Ibﬁ'éi%&liﬁﬁz\jﬂﬂﬁjt}‘i,

actamicro@im.ac.cn
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FEARAE X RSB IR K DX HA B0 0 X 43 B,
DX 345 Ry #2230 AR AR X ELt ) X4 (P 1) RS
OTU 4341 S FE I 43 A7 b i — 350tk
2.4 nirS M nirk BFETE S ZHARXT F B

H T OTU 43Hr AR 5 ke H: £ SLRRE

MHALH OTU 22 B H T AL/, PRI 32
OTU At = B (A sl 457 A % 3 B Ak —F i = A7 1)
OTU, nirS VY4 S5 HlE i 55%, nirk V344
70 LR ) 80%)#EA T 434 BT Be 1A B i X dal Fry 43 A
FROE(E 2)o IR 2 ATLAR 1, nirS DR K AR

i all Has ® all D A8
H A2 D CI10

S H A3 S E2

- 88 -5 €3

S E2 - H_A2

- D_A8 : - H_A3

L DCI0 ' H_AS

0.2 0.1 0 03 02 0.1 0
B 1. nirS#0nirk HEEREBRESHTE

Figure 1.
B: hierarchical clustering tree of nirK.

(A)

%

OTU31 S e

OTUI3 S
OTU280 S
OTU144 S
OTuU272 8

OTU41 S
OTU256 S
OTU349 S
OTU320 S A

OTU14 S A
OTU278 S

29.76

22.32

14.88

7.440

2.
Proportions of nirS and nirK main OTUs. A: proportion of nirS main OTUs; B: proportion of nirK main

Figure 2.
OTUs.

Hierarchical clustering trees of nirS and nirK on the OTU level. A: hierarchical clustering tree of nirS;
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FREAE 3A XA E W A, SN IR XAk
P OTU FHXS FBEFRAR, DI p 30 5 g A B 5
nirkK IHAERLALE S_C3 uhifor 5 1 4A X I I 4
L, X—GrER 1 bR ARI R, RA X I
(H_A2. H_A3. H_AB)54# % K X (D_AS.
D_C10)IX |3 K o nirS TREXE A 2 OTU AHXt
FREHE nirkK 2L, OTU i B ok, 7EMREA
X AL

FEX IR L, o T PR X RN GOK X
REVBY P OTU 22 5IMR K (Kl 2), OTU144 S
(2.9%-7.7%) . OTU41 S (4.3%-16.0%) . OTU100 K
(11.7%-16%) . OTU97 K (19.0%-19.2%)1EFMBIRK
DR XS F B i A IR AR AR B A
OTU349 S (8.1%-20.7%), OTU320 S (12.6%-18.9%) .
OTU14 S (6.7%-15.0%) ., OTU24 K (3.4%-15.2%) .
OTU15 K (44.9%-68.7%) {EAR A X AN R H
T FESMRIRAK AR A HE 2B AT

FEF PRI D RE L R 1 £ 2 OTU Zfid 2 IR [y
SIMAFZKE M, K nirS B OTU272 S HI
OTU31 S J% nirk %1 OTU95 K ‘5 NCBI %4 %
TS R ERLAR, JCARIEE /N T 88%,
X3 A ARSI EN Y S AL A TR o AR
HEALICFR, nirS BAKAT 43 2 Mf%, Cluster S1:
Cluster SIA A & IR X AR & X 3 2 OTU (#H
ot 3 B 7B 12 K Ak T i = s B A X P AR o
H ). Cluster S1B NAMBIR/KIX FE OTU,
Cluster S1C M #MHBIR/KIX 3% OTU., Cluster S1D
AR X MRS X 2 OTU; Cluster S2:
Cluster S2A {4 X 3% OTU. Cluster S2B fu 7
IRA X RT3 X3 E 2 OTU, nirk &40l 434 3
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AN, Cluster K1: Cluster K1A SHAMRIRK X 5
OTU . Cluster K1B J {4 X F= %L OTU; Cluster K2:
Cluster K2A 4N /KX 322 OTU ., Cluster K2B
A RAEX M X EZ OTU; Cluster K3:
Cluster K3 43 F IR AAX. . BRI AN K X 3
L OTU (& 2 F1El 3).

FEARBEGE X, B &8 OTU 4b, sk
OTU A A2 Y nirS Al nirk Ti i 3k P & L /R 1y 51 A
MR 97%-100%, 4k A FAE, FEahaT
Sz, FEERILO . B, WL Rl
VLR R VA 5 DX S S S5 Y RV R SE [ IH 4 10, i
KINREIL OTU 5 KB ; 7EAIRE S 2880 (n
JKHE, OTUL5 K)r A &L 3)-

25 A WEFIIRERES

RIEI SGAGIR Z AR AATER G R, F47
P TIRALIRER A BT LASES T 1 357P0, Sl sy
HE T nirS 1 nirk {# OTU 5 DO Fil DOC Z Jalfi
FAOGHE, SRFEAIGE XS Al b SRR IR 22 ]
THREREG (R 4)o WA BB A S et — AT
ke, Bl OTU 5 DO RyAMHEEFT OTU 5 DOC
IR . Fedl nirS OTU14 S, OTU320 S,
OTU349 S F1 nirk OTU15 K, OTU24 K 5 DO i
R RFEFAMK, 5 DOC &\ R IEMKE, KRHAT
BEHA A IR IfE. Hirb nirS OTU349 S LA X 3
PR E A BRE, 16 H_A3 Fl H_AS ¥5{7 555k
FT 20.7%F01 16.2%; nirk OTUL5 K KA X vl
PRSI BRE, 16 H_A2, H_A3 il H_AS5 ufi{i
SyRIAE] T 44.9% . 65.0%7F1 68.7%, 7RI
DX IR R R A W ) S Ak RT RS2 T L Y B
BRI
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96 ,0TU14 S . .
115 62 1x941943) Cluster 524
700 i:f’seudo.manas aerugimpa (AF114791)
Ralstouia eutropha (AF114789) Cluster S2
J5_40(1X941923) ;
7 - OTUI3 S Cluster S2B
l 0OTU349 S
97 Tmx7nir_g07 (DQ451281)
Thioalkalivibrio versutus (AQM49872)
| e —
0.20
(B) 100 ~OTU100 K
SF04-BF21-B07 (GQ454176) Cluster K1A
OTU97 K
100 LECS01_16 (KP750758) Cluster K1
Alcaligenes faecalis (WP_096917397)
7 OTUI77K Cluster K1B
100 IECS03_2 (KP750732)
Blastobacter denitrificans (CCA12209)
100 ,OTU26 K
ECS03._8 (KP750736) Cluster K2A
100 97,0TUIS K ] Cluster K2
YRE-KC29 (KF143995) Cluster K2B
8 | OTU220K
99 'ECS01_28 (KP750766)
OTU9S K
92 r OTUIZTK
80 SYS01_10 (KP750698) Cluster K3
92 | OTU24 K
60 —=bXSB33 (KX510718)
Nitrosospira multiformis (WP 011381313)
—_
0.10

B 3. nirSFnirk et EERFBHBERFINRFELER

Figure 3. Neighbor-joining phylogenic trees constructed by amino acid sequences translated from the nirS
and Ralstouia eutropha nirK genes. A: neighbor-joining phylogenic tree constructed by amino acid sequences
translated from the nirS gene; B: neighbor-joining phylogenic tree constructed by amino acid sequences
translated from the nirK gene. Phylogenic trees showing the phylogenetic relationships of the deduced nirS
and nirK protein sequences translated from the clone sequences of the nirS and nirK genes obtained in this
study and their closely related sequences from the GenBank database; the numbers following OTUs represent
different OTUs; GenBank accession numbers are shown in the brackets; the scale bar indicates the expected
number of change per homologous position; bootstrap values of (1000 replicates) >50% are shown; the SoxB
amino acid sequence from Thioalkalivibrio versutus was used as outgroup for nirS; the nirK amino acid
sequence from Nitrosospira multiformis was used as outgroup for nirK.
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% 3. nirSH nirk TIEEEFE FZE OTU FAEZE NCBI bt BB &R F5I51E

Table 3. The main OTUs and their closest relatives retrieved from NCBI GenBank of nirS and nirK genes

OTU ID Closest relative ':‘::]f;lon Identity/%  Sample source Taxonomy Reference

nirsS S33b-29 MF421059 100.0 Changjiang Estuary, China D-bacteria NCBI

OTU280 S

OTU320S S-P6-6 KU995595 100.0 Coastal Wetlands, China  D-bacteria [33]

OoTuU41 S nirS-704-C9_Mengl HQ666726 100.0 South China Sea, China D-bacteria NCBI

OTU144 S S33b-11 MF421073 100.0 Changjiang Estuary, China D-bacteria NCBI

OTU256 S nirS-Summer WSK38_475|1 KM892216 100.0 Changjiang Estuary, China P-proteobacteria [15]

OTU278 S nirS-Winter LC81_389|3 KM892131 100.0 Changjiang Estuary, China D-bacteria [15]

OTUl4Ss  J5_62 JX941943  100.0 Minjiang, China D-bacteria NCBI

OTU13S  J5 40 JX941923  100.0 Minjiang, China P-proteobacteria NCBI

OTU349S mx7nir_g07 DQ451281 100.0 Gulf of Mexico C-betaproteobacteria [25]

nirk

OTU100 K SF04-BF21-B07 GQ454176 98.0 San Francisco Bay, USA  D-bacteria [34]

OTU97 K  ECS01_16 KP750758 98.0 Huanghai Sea and Donghai P-proteobacteria NCBI
Sea, China

OTU177 K ECS03_2 KP750732  100.0 Huanghai Sea and Donghai P-proteobacteria NCBI
Sea, China

OTU26 K ECS03_8 KP750736  100.0 Huanghai Sea and Donghai P-proteobacteria NCBI
Sea, China

OTU15 K  YRE-KC29 KF143995 100.0 Yellow River Estuary, D-bacteria [35]
China

OTU220 K ECS01_28 KP750766  100.0 Huanghai Sea and Donghai D-bacteria NCBI
Sea, China

OTU187 K SYS01_10 KP750698 99.0 Huanghai Sea and Donghai D-bacteria NCBI
Sea, China

OTU24 K bXSB33 KX510718 97.0 Xiangshan Landfill, China D-bacteria NCBI

These OTUs were selected within the top three abundant reads from a single sample and/or from multiple samples. D: domain; P:

phylum; C: class.

% 4. nirS#1nirk £ OTU 5 DO #1 DOC Z [8]AJ#H K 1%
Table 4. The correlations of dominant OTUs for nirS and nirK genes with DOC and DO concentrations

OTU ID

nirS Pearson correlation

nirK Pearson correlation

OTU ID

DO/(mg/L) DOC/(umol/L) DO/(mg/L) DOC/(umol/L)

OTU278 S -0.09 -0.12 OTU15 K —0.90** 0.73
OTU14 S -0.88** 0.25 OTU24 K -0.81* 0.12
OTU320 S —0.97** 0.61 OTU177 K -0.59 -0.07
OTU349 S -0.85* 0.64 OTU26 K 0.24 -0.17
OTU13S -0.67 0.29 OTU9 K 0.50 -0.39
OTU256 S -0.39 0.85* OTU97 K 0.66 -0.53
OTU41S 0.66 -0.62 OTU100 K 0.76* -0.63
OTU272S 0.79* -0.65 OTU220 K 0.24 -0.16
OTU144 S 0.62 -0.59 OTU187 K 0.45 -0.28
OTU280 S 0.12 0.15

OTU31S -0.15 0.31

*: significant difference; P<0.05; **: P<0.01.
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Diversity and distribution of denitrifying microorganisms in the
surface sediments of the hypoxic zone near the Changjiang
Estuary and its offshore
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Abstract: [Objective] Microbial denitrification is the essential process to transform nitrate into nitrogen gas in
estuarine environment. [Methods] In the present study, we investigated the diversity and distribution of the
nirS-type and nirK-type denitrifying microbial communities in the surface sediments of the hypoxic zone near the
Changjiang Estuary and in the East China Sea by Illumina MiSeq sequencing approach. [Results] A total of 346
nirS-type and 267 nirK-type Operational Taxonomic Units were detected. Environmental characteristics of
sampling site and cluster analysis of nirS and nirK divided all Operational Taxonomic Units into hypoxic, southern
and deep-water groups, and the samples from the deep-water group had the highest diversity of nirS functional
genes. Furthermore, the dominant Operational Taxonomic Units phylogenetically formed several clusters,
representing by Operational Taxonomic Units from distinct groups. All the dominant Operational Taxonomic Units
were uncultured and some of them were first retrieved. Likewise, nirS gene was more adaptable to the hypoxic
condition. [Conclusion] Our results indicate that widespread denitrifying microorganisms play a critical role in
nitrogen cycle in the estuarine sediments.
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