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Fig.1 Sampling location of salinity gradient soils in the southern coast of Laizhou Bay and the estuary of Yellow River

%MK 95 °C WA PE 7 min, 95 °C ZZ P 1 min, R REEARE P M Ze: 95 C 158, 60 °C
nifH F&IK 58 °C 1Bk 30s, nirS FEK 57 C Bk 40s, 1 min, 95°C 30s, 60 °C 15s, K EEAAAEER T
nirK L 55 °C 1B 1 min, nosZ 5P 60 °C iE K 40 PEF I . AT PCR RN 9 39 2R 248 90% LA L,
s, 40 MG . B o8 ABI 7500 Fast SZ 986 & e RZE (R BT 98%.

F1 PHERPCR K T-RFLP S RESIHER
Table 1 Information of primers used for real-time PCR (qPCR) and T-RFLP analyses

boiLiizens| T TFB GlL/ELS R ZLERSS KJE (bp) 2R
Functional gene Molecular Method Primer Sequence / ( 5°-3") Length References
nifH Q-PCR/T-RFLP polF TGCGAYCCSAARGCBGACTC 342 [16]
polR ATSGCCATCATYTCRCCGGA
nirS Q-PCR/T-RFLP Cd3aF GTSAACGTSAAGGARACSGG 425 91
R3cd GASTTCGGRTGSGTCTTGA
nirk Q-PCR/T-RFLP FlaCu ATCATGGTSCTGCCGCG 472 [17]
R3Cu GCCTCGATCAGRTTGTGGTT
nosZ Q-PCR nosZ2F CGCRACGGCAASAAGGTSMSSGT 267 [18]
nosZ2R CAKRTGCAKSGCRTGGCAGAA
T-RFLP nosZF CGYTGTTCMTCGACAGCCAG 700 [19]
nosZR CATGTGCAGNGCRTGGCAGAA

e fIFSE R = A/G; N = A/G/C/T; H=A/T/C; S=G/C; Y =C/T; B=G/T/C
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I8 7 ¥ ) Ultra CleanTM PCR 4t 1k 3% 71 £

(MoBio Laboratories, Inc.) #474li4k, FFFHMEE
AN 66 FE I E 24K 5 1Y) DNA R FE . #5511
PCR 4lifb =4 (SF¥ 7.5 ul) # 37 °C /K k47
f§Y] (Fermentas) SV, o niffd JEPR I BRI HE A
V) M K H Hhelll. Ndell Fl Mnll, nosZ X H
Msp I #1 Rsa 1, nirS KM Hha 1 ¥ Msp 1, nirk X
H HhelllM Msp 1 . EEUIAZR N 10 x 209K 1.5 pL,
FRAIPE N DIBE 0.75 pL, KA 3 uL, KRR 2 81K
HEE 15 L, 37 °C /KB 1 he BEVIP=ISE TAY)
T CE#gE) KA R 2 A (Sangon Biotech

(Shanghai) Co., Ltd.) HHAT BN BRI .
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A v BRI B BE 2 & (T-RFLP) 3
7t Excel A& P AT %, LBRIEEHR T 50 bp LA
MR T-RF CREJTBO 5 SRERACEEAE 200 bp LA
ZEMANERE 1 op I BUER — AL T-RF; KB
7E 200 ~ 400 bp 2 [A]. ZERIAKELL 2 bp I8 7 BLAE N
— AT T-RF; 400 bp LA b ZEJIAETE 3 bp [
BAE I —NP0AL ) T-RF o L BRBEEANFE b AR 32 5
/NT 19 1) T-RF 34T 8250 #1. HT T-RFLP %X
i, VFE T-REEH . ¥ (Evenness) 74 Al
Shannon 544,
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THACTR nirSs nirK nosZ 3& K #5 VLB 2 HEPE I 52
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G 56 [ 2 81 R S A B AR v 45 ) 7 AN [m) 6 B2 35 ()
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(CCA) , H7 52 WA Ty fit ik PR Vi 41 1) DR B A 58

2.1 TEEAMR
WFFEIX Ik 135 pH JE Ry 7.11 ~7.93, J& T 556

Ph3gE, TGN 0.64% ~ 5.18%, Wy N7 ) 5
Thomr ok e, Fodr B 0 YRO2 v A7 £h B A

(5.18%) , HEW[[1 DRO1 3h47 5 BE A% (0.64%)
NO, N M EE FR M EE I, 3 1 13 NOy
TRA K, VS 4.71 ~9.94 mg kg!, S
-3 NO,y & & de s, N 647 ~1313 mgkg'. &
AR (TND) FRIEHEE 0.02% ~ 0.35% 21\, K
SIEVAT 1R BT [ B Le sl 7 AT R (> 0.1%) B
HHER (TOC) &EAE 0.33% ~ 1.39% 2 8], H[I]
AR, IR A A, IR 3
SRR (d0.5) BeK, b 77.60 pm, g T4
[RFEkiAe (d0.5) Jeshh, Tk 22.60 pm (R 2) o JE
T 5 BV LN AR A SR AR SR 2 AR ER
B (0.64% ~0.76%) « ERE (1.25% ~ 2.39%)
RS (3.49% ~ 5.18%) = ABAE, HH R Ew
FEuEA7 YRO5. JRO1. DROL, HEREEfFEmA7 YROT
YRO04. BROl. BR02. DRO3. JR02. JRO3. JRO4,
AR EEALES YRO2. DRO2. YRO3 (£ 2) .
22 BEREARBYEEEEARLETIZERNLE
221 ERA nifH AR N ARE HE LN
5t ARERX 3 b B nifH BRI R4 DR
YLl 3.36 x 108 ~2.98 x 10° % N4 g T+, 7
fHoR 1.22 x 10° ¥ DI g + 10 P ERIX L8 rh nifH
FE DRI 5 DB, YA 9.61 x 107 ~ 9.44 x 10% #5
N gt T4, FHME R 5.87 x 108 ¥ 0 g T+
LSD k5 o —H AR W& %R (P=0.036) « =
AR DX - 458 ] U B mifH R DR VLB S b R X IR IX
MZERAEE (P>0.05) (K2) .
222 B EALHE nirS. nirK. nosZ A B ¥ N 4 R
B 3hE IR E 6 257 MV R R R R R
T A AT B nirK FERIRL R 3, nirK JE R4 DL
B nosZ. nirS HEPHE DIECE 3 B 4 AN HE L,
S nirk > nosZ > nirS Wi#aH (K 3) o nirk %
DRI DUBCAEARR . s o R X B 2 T v e 34,
SR HE DB 0 176 < 10° 32 /g T+, thih
X500 3.54 x 10°#E DK gt Tt b P40h 3.90 x
108 LA g+ &, HXEEZERAEFE

(ANOVA, P=0.910) . nirS FEPI7E b R X # D13
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Table 2 Physicochemical properties of saline soils collected from the southwestern coast of Laizhou Bay and the estuary of Yellow River

S HhEERARE hEE kR B WAHAS AR PR PRESEIIR3 PR
Sampling site Salinity Salinity pH Moisture NO;~ NO,” NH,* N TOC Mean grain size
ping gradient (%) (%) (mg kg™ (mg kg™ (mg kg™ (%) (%) (d0.5, pm)
YRO1 b b E 2.39+0.09 7.31+0.10 22.83+0.50 5.94+0.28 0.79+0.01 0.13+0.01 0.09+0.00 0.83+0.01 41.55+2.36
YRO02 B 5.18+0.05 7.86+£0.04 7.07+1.78  7.06+0.32 0.52+0.05 0.07+£0.01 0.05+£0.00 0.50+0.05 16.35+1.23
YRO3 b 349+0.16 7.58+0.03 21.72+1.04 471+021 0.47+0.04 0.09+0.02 0.06+0.00 0.48+0.04 10.46 £ 1.00
YRO04 rp L 1.25+£0.19 729+40.02 2476+0.59 994+0.56 0.86+0.02 0.13+£0.02 0.10+0.02 0.84+0.02 25.84 +1.56
YRO5 fREhE 0.76 £0.02 7.24+0.23 30.48+0.85 5.76 £0.28 0.89+0.18 0.12+0.02 0.09+0.00 0.88+0.02 18.78 £2.78
BRO1 HEREE S 2.01£0.08 7.63+0.10 23.11+£1.00 3.85+0.18 044+0.02 0.04=0.16 0.02+£0.00 0.46=0.09 83.9+5.67
BR02 b b 1.61£0.11 7.93+023 21.93+0.76 22.45+2.34 0.40+0.01 0.06+£0.00 0.03+0.00 0.42+0.02 71.30 +£6.45
DRO1 RERE  0.64+0.01 7.54+0.10 25.67+139 591+025 045+0.16 0.07+£0.00 0.05+0.00 0.42+0.01 58.56 +3.20
DRO02 b 474+0.01 727+0.11 17.99+2.64 5798+5.60 0.77+0.09 0.11+£0.00 0.07+0.00 0.75+0.09 74.27 £ 6.86
DRO3 rp L 144+£0.00 7.52+£0.14 19.06+234 4.61+£020 0.54+£020 0.07+£0.02 0.03+0.00 0.53+0.06 69.45 +5.69
JRO1 fREhE 0.72+0.01 7.43+0.11 24.86+2.10 6.47+£0.32 0.89+0.07 0.09+0.02 0.06+0.00 0.86+0.01 3549+245
JR0O2 rp L 1.27+£0.13 7.11£0.12 19.34+£0.70 131.3£9.67 1.41+0.35 0.27+£0.08 035+0.10 1.39+0.04 25.07+1.58
JRO3 b b 1.55+0.18 7.12+0.10 18.72+0.38 18.48+0.42 0.34+0.04 0.09+0.02 0.06+0.00 0.33+0.00 76.4 +6.89
JRO4 b 1.63+0.04 7.45+0.23 23.03+0.25 144+0.68 0.38+0.05 0.05+£0.01  0.03+0.00 0.38+0.02 61.11+5.56
e RPEIR P £ FaUER, n=3; dO.SEIR PRI, FORLRE B TH00 A1 T S09% BonS RE 1K) A%
16 By, PRI 4.66 x 105 #5 D18 g ks IR DO
3~ a R X 3 3.57 < 10° #% DKL ¢ T+ A1 3.82 % 107
S H T w — N N e
VS-ME) B R g F L, SHEMMERFREE (P=
= £ . v - N
g ab 0.328) o nosZ KR8 VUKL AN [R] 5 43458 1) 22 i) A
g 8 . -
& S b Ko BRI 1.33 % 100~ 1.73 x 10° % D14 g F
= L . . S Al N4 N \ —
% S 4| CnirS + nirkK) /nosZ VAR AE A RO AL F i 2= <
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Fig.2 Comparison of nitrogen-fixing bacterial nifH gene copies 231 ERE nifH AR SHERRBHEELEMERR S
in salinity gradient soils GEEEINME R SRR RS nifH LR ) T-RF
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Fig.3 Comparison of abundances and ratios of nirK-, nirS-, and nosZ- denitrifying bacteria in salinity gradient soils.
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BHAE 13 ~31 200, A[A ER L 4158 W) [ 081 1 75 A
84 (Shannon) $8HZERALEE (P=0.100 (3D,
R R IR rP A R 35 (Evenness) $i7
BEFEE T EIEX (P <0.05) . NMDS HiF BoR
(K 4>, AREREE WA L3EFE (DROT. YROS)

RB| L, KBy dh B AN b 3 T I SR R
E—jd. ANOSIM 3G UESE, [ 500 nifH & R R R
G5 AR R ERR LSS W (R =0384, P=
0.027, #* 4> , Ak, b s e = R A i B
(P=0.024) .

#3 EERIEREMREALESHFEESERRLE LEHBMEEE(ANOVA 1 LSD 447)
Table 3 Comparison of diversity index of nitrogen-fixing and denitrifying bacteria among different salinity soils (ANOVA with LSD
test)
H 5L EZEduEizr) b5 b R Pf
Target gene Index of diversity Low salinity Medium salinity High salinity P Value
nifH T-RF4H 2045 25+ 6 18+4 0.198
YIS iR E 0.82+0.07 0.87 +0.03° 0.74+0.16 0.072
FA AR EL 2454037 2.77+0.33 2.13+0.63 0.100
nosZ T-RFA(H 85+ 14 52436 73 +£35 0.416
B REAREL 0.83+0.00 0.80 +0.74 0.73 = 0.80 0.243
TR AN e 5L 3.67+0.12 2.95+0.95 3.04 +0.65 0.58
nirS T-RF%H 20+ 13 30+ 18 28+ 15 0.706
S5 REAREL 0.90 + 0.67 0.84 +0.87 0.80 +0.10 0.419
AR A faE 2.43+0.75 2.59 £ 0.49 2.53+0.23 0.906
nirk T-RFH 50 +25 53423 59 +22 0.773
B AR A 0.81£0.15 0.83 £ 0.61 0.85 +0.43 0.816
TR AN EL 3.08 +0.13 3.31£0.79 3.42 +0.28 0.728
W FATANR - REARE R R AR [F] 2R e 22 57 3% (LSD-test, P < 0.05) , KT HHRER RS LM ZRAEE (P>0.05)
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Fig.4 NMDS analyses of the community structures of nitrogen-fixing bacteria and denitrifying bacteria based on nifH, nirK, nirS and

nosZ genes in the saline soils.
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Table 4 ANOSIM analyses for groupings of soil nitrogen-fixing

and denitrifying bacterial communities according to the

salinity

H 1L R it P{E

Target gene R statistics P value

nifH 0.384 0.027
Hvs. ik 0.185 0.30
s, 0.164
Frvs A% 0.024

nosZ 0.177 0.186
mivs A% 0.333 0.20
Evs. 0.156 0.248
rfrvs fik 0.164 0.311

nirS -0.01 0.458
Eivs A% —0.111 0.60
Hrvs. —0.054 0.521
s A% 0.067 0.297

nirk 0.378 0.025
Eivs. Ik 0.417 0.10
Eivs. 0.175 0.20
rfivs Ak 0.61 0.028

e BEMIER (P<0.05) #H 2R,

(#£3) .

FIT AT L3RRS I nirK JE R AT SEA 3 K 3R
rhEhAE Y 3 ANAEE (8 4) o ANOSIM A 86 1 —
AAESE, 3R B nirK DR Y SR AL, TR AR T 4K
A EERW (P=0.025, £4) , W, {KEhE 1
2Rk (P=0.028, % 4) o nirS FEKR At
RIS R =AEEAL (4D, (HS R HIR R IR A
—jtd. ANOSIM K5 KRB, nirS D8 Y S AiF 40 1R (1)
eV MR Z EREES2 (P=0.458, £ 4) . [FFE,
nosZ K& R R AL B R BV 4500 (18 4) s2 R 5%
WJRA G (P=0.186, £4) .
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TR L - nifH FE RS DUECS 148 NOs & =t i
FIEAHK (Spearman’s #H9K, R=0.316, P<0.05) ,
Shannon 54 5 T3 ) Ri42 (d0.5) &2 IEAH G
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Table 5 Spearman’s correlations (R value) of abundance and Shannon index of nitrogen-fixing bacterial nifH gene and denitrifying

bacterial nirS, nirK, and nosZ genes with soil physiochemical properties

L REHEIN$5 UL H K LAl

R BT

EHEAE Gene abundance and ratio Shannon index
soil physiochemical property

nifH nirk nirS nosZ (nirK + nirS) /nosZ niftl nirk nirS nosZ
pH -0.114  -0.461"  —0.094 -0.181 -0.144 -0.081 0.676" 0.363 0.596*
hEE -0.008 0.004 0.022 -0.033 0.007 0.099 0.465 -0.099 —0.046
TR -0.020 0.056 -0.302 0.144 0.154 0.081  —0.361 -0.042 0.240
PR R 0.171 0.159 0.300 0.062 0.106 0.609"  0.256 0.512 0.209
RETN 0.017 0.327° —0.119 0.189 0.129 -0.270  —0.778" -0.705* -0.604"
MATHLETOC —-0.274 0.106 —-0.342% 0.046 0.102 -0.380  —0.778**  —0.793**  —0.692**
Fe A ENH," -0.072 0.309°  —0.183 0.179 0.126 -0.332  -0.665" —0.798* —-0.723"
WA ZNO, -0.274 0.106 -0.197 0.147 0.102 -0.380  —0.778" -0.793" —0.692™
A ZNO,” 0.316" 0.138 0.437" 0.297 0.244 0.270 0.035 0.064 —0.046

e ARSI AR, *P<0.05; **P<0.01.

nirK 3R 45 DUEL 5 38 pH W35 i AH G (R =
—-0.461, P<0.015, % 5) , 5E%MNH, & =% T
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Y5 nosZ $E K1) Shannon F54(5 pH W2 IEAHC (R>
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BB R A BAAHE. NH, "« NO, & =T
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BV S5 3 NO, & i 2 IEAHOC (CCA, P =
0.037) , nirS BEPIRER 45K 14 NH, * 5 5 W25 A
K (P=0.045) , TM+3E NO, & & NZEMW nosZ ik
R I& 45 R e IR - (P =0.034)  (ES)

3 it
AT S HHE H 25 T 2 AT BT 1 AR B R
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Distribution Patterns of Abundance and Community Composition of
Nitrogen-fixing and Denitrifying Bacteria along the Salinity
Gradient in Coastal Soils

SONG Yan-jing!, MA Lan"", ZHANG Xiao-li>, WANG Jie!, SHAN Yan!, LI Jun-lin!
(1. Sericultural Research Institute of Shandong Province, Yantai 264002, China; 2. Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai

264003, China)

Abstract: [Objective] To explore the influence of soil salinization on nitrogen transformation, the distribution patterns of nitrogen-fixing
and denitrifying bacteria along a natural salinity gradient in coastal soils were analyzed in this study. [Method] The gPCR and terminal
restriction fragment length polymorphism (T-RFLP) techniques were used to study the distributions of community abundance and
composition of nitrogen-fixing (nifH gene) and denitrifying bacteria (nirS, nirK and nosZ genes) along the salinity gradient (0.64% ~
5.18%) in saline soils of the southern coast of Laizhou Bay and the estuary of the Yellow River. According to the range of soil salinity,
the samples were divided into three gradients: low salinity (0.64% ~ 0.76%), medium salinity (1.25% ~ 2.39%), and high salinity (3.49%
~ 5.18%). [Result] Nitrogen-fixing bacteria's abundance in the low salinity samples was significantly higher than those in the medium
and high salinity (P < 0.05). Spearman’s correlation showed that the copy number of nifH gene was significantly positively correlated
with soil NO;~ concentration (P < 0.05), while Shannon index was significantly positively related to soil mean grain size (d0.5) (P <
0.05). The canonical correspondence analysis (CCA) showed that nifH gene community structure was significantly controlled by salinity
(P =0.04). NirK genotype dominated in denitrifying bacteria in the saline soils. Salinity had no significant effect on the copy numbers of
nirK, nirS and nosZ genes, but the (nirK + nirS)/nosZ ratio significantly increased with the increasing salinity. Inorganic nitrogen was a
key environmental factor affecting the community structure of denitrifying bacteria. [Conclusion] In summary, degree of soil salinization
in coastal zones significantly affects the abundance and community composition of soil nitrogen-fixing bacteria and the ratios of
functional genes in the denitrification, which may affect soil nitrogen transformation processes and N,O emission, and further influence
global climate.
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