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w2 (4800 m™ hm ) 2 ML, FIX 3 4 SRR f1 CRpEEUE ) |« 2 (EUBRMERRAE ) |« 3 (REREA DL )
A4 (FERICECHEA UL ) , DE - 3EAPE T, FIFH 16S rRNA (a3 1 17 43 B 40 B AV 25 3‘#%? PICRUSt2 %k
PERN B T i i AR R R ZRRT: 5 aﬂ{é{% wl MIEL, 5K w2 X+ HEEb R T C B . 5 wafl
AREEAHEL, w2f3 Kb PRI E R S T A LR . - BRAR A A RCEE AR B A (P<0.05) , [RIE R R
X7 pH., HFREEF&E (P<0.05) , 7J<HE$¢E1’EFHX¢%¢] B mBEFEREEWAREE (P<.0L) o AW
SR, w2fa GBI ZEAR T TR AR 2 AR RO B B ST EEHR B (P<0.05) 5 AETIKSF 1, w2f3 F1 w2f4 b3 i
EHIN T AR ] ( Proteobacteria ) FITZRE ] ( Actinobacteria ) fHX} -, [FRAL TERFTE ] ( Acidobacteria ) AHX} 3+
B (P<0.05) ; JE/KYLE, SUTEE Wl EIE ( Kaistobacter) TR H AT H R ( Lysobacter ) LHE R, waf3 4b
MG ERATHEE (P<0.05) o LMEH500 8500 K/ ( Linear discriminant analysis effect size ) % H 5 177 32 445
B, wofd AhH R E T E T T RIATE ] ( Bacteroidota ) o 575z 3L R 2 ], w23 4b B AR [R] 480 B 5% ia
HH Cord 5 Na'/H'i¥i M #5123 H nhad, ZICH 1 E S Z KefB M Cord A IE 7] 82 . 2 87/KK: 56 ( Mantel test )
WESE, HHEA VLT pH S IR S RAE W #E I8 S5 A B AR I AZ O IR R o 19K N ZUIRECHEAT MLAC (w2f3) 3@t 32
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Effects of Fertiliser Adjustment on the Physicochemical Properties, Bacterial
Community Composition and Ion Transport in Saline-Alkali Corn Fields

LI Tao', MA Xiaoying', LIU Weifan', LIU Hao', WAN Menghu', MA Fenglan', LI Yueqi', LI Qingyun', WU Na',
LIU Jili*f

(1. College of Agriculture, Ningxia University, Yinchuan 750021, China; 2. College of Ecology and Environment, Ningxia University,
Yinchuan 750021, China)

Abstract: [ Objective ] This study aimed to investigate the synergistic effects of different water and fertilizer treatments on the
physicochemical properties, bacterial community structure, and ion transport function of saline-alkali maize fields, thereby
providing a theoretical basis for their targeted improvement. [ Method ] A field experiment was conducted in saline-alkaline land
in Pingluo County, Ningxia. A split-plot design was used with two irrigation levels as main plots: conventional irrigation(w1, 6
000 m*hm™?) and water-saving irrigation (w2, 4 800 m’-hm2), and four fertilization modes as sub-plots: fl(nitrogen fertilizer
alone), f2(nitrogen with controlled-release fertilizer), f3(nitrogen with organic fertilizer), and f4(controlled-release fertilizer with
organic fertilizer). Soil physicochemical properties were measured. Bacterial community structure was analyzed by 16S rRNA
high-throughput sequencing, and the abundance of ion transporter genes was predicted using PICRUSt2 software. [ Result ]
Water-saving irrigation w2 exhibits no significant difference in its impact on soil physicochemical properties compared to
conventional irrigation wl. Compared with w2f1 treatment, the w23 treatment significantly increased the contents of soil organic
matter (SOM), total nitrogen, alkaline hydrolyzable nitrogen, available phosphorus, available potassium, and Ca*"(P<0.05), while
significantly decreasing pH, electrical conductivity, and Na* content (P<0.05). The water-fertilizer interaction had highly
significant effects on the contents of sodium, magnesium, potassium, and calcium ions (P<0.01). Microbial analysis showed that
the w24 treatment significantly increased the Simpson diversity index and Pielou evenness index (P<0.05). At the phylum level,
w2f3 and w2f4 significantly increased the relative abundance of Proteobacteria and Actinobacteria, while decreasing the relative
abundance of Acidobacteria (P<0.05). At the genus level, Kaistobacter and Lysobacter were the dominant genera, and their
abundance was significantly increased by the w2f3 treatment (P<0.05). Linear discriminant analysis effect size analysis identified
32 biomarker species across five phyla, with w2f3 significantly enriching Proteobacteria and Bacteroidota. Prediction of ion
transporter genes indicated that the w2f3 treatment simultaneously activated the magnesium transporter gene Cord and the
Na'/H" antiporter gene nhaA. The ecological dominance of Proteobacteria was positively regulated by KefB and Cord. Mantel
test confirmed that SOM and pH were the core environmental factors driving the evolution of the microbial community structure.
[ Conclusion ] Under water-saving irrigation, the combined application of nitrogen fertilisers with organic fertilizers (w2f3)
achieves systematic restoration of ecological functions in saline-alkali soils by synergistically enhancing soil fertility, optimising
bacterial community structures, and activating ion homeostasis networks. This provides both theoretical and technical
underpinnings for the efficient remediation of saline-alkali land.

Key words: Saline-alkali land; Organic fertilizer; Soil physical and chemical properties; Microbial community; High-throughput

sequencing; lon transport genes
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5T O NS £R A W D R 0 0 . R4 S D) R S 4
ZAE, WR TR IR RS, Shi 4
1E T R AL s L il P A, LUSERER ] AAS T
BRI 11 R 3 (R AR W A #6642 00 2438 . Schuster
R, R AR R WYEATARIX C/N
Fb, AT ) e AR R TR A T Eh R, DA TR o
BRI e, S R PR
Tsiamis 25k A= W i BRI & 4R 40 T S ek 1 b 9%
P, FFIERUISE A8, EESRmtEhEET R
S ER L TR, AN RS AT A O AR 44 i
ok 2k AR SRS e = E =N BN 0L ) s W N EIE = 17
JH PR RE R, fln, s+
DVRFERRARIN 3, $hAb R b 2 RS 91R
o G AR K b B A B D RE AR R . R
PETF + R AU AR B T BRI

WFoE 220, /K AT A it 3 ok ks + 3R v s
. pH MFRDARNE, WEH A YRR 451
SIREM A W T L 1 R R 2
R4y, (A RV AT e R 2y R R R
RAC ) Z R T A Y2 s vt + 9550 59
AR B I, E K AR 3 5 G e 3 1 o 9 R A
Y1 A RETE 2548 LA PR R) 4 R SRR INFERLE . E
RARAFAERIFIEAS o AL, ERA M B A= 2 1) Tid 6 1
H5®EFHEEN (Na/H WG iEEN . Kk &
45 ) MYIRERYIAIG, XL H gnhEE I 1) Rk K
SR M e R T A A S E N RE Y
SR, AT OC T 7K L 428 ey 52 nn £8. 9 - 18 v 2
Y FRAZ eI N R AT @ 25 . AR
R 2 AR L 4 MR, R
B AN TR) 7K A Ao 4 5%k 8 Bk - 498 1 A= 400 0 7 65 4 1) 52
W, JEPE—E LT 16S rRNA PRI 5, #H
T e 0 T L XoF BB 5 - 7 3 R G 3k PR A 7 0 4
Br, BFEMN “BEEZSH” 5 “DhRgdEE” A2,
F [ 48 7 7K IR A8 B 2 P S AL A IR s VR
DU A 6 04k - 8 100 o0 R R o R A 2 (R 2 Ak i
GIEI VSR

1 MRS

1.1 RXIE AR
AR A FTEABILTEY B3 FH

(38°55'51"N, 106°23'31"E ), % HhJ& Iy KFitES
foe, R 9.2 C, FEHERKY 2194d, ¥R
W 175 d, AEBIREOK HE 451 d, FHEKE
177.0 mm, FEMEETFERE 6 HE 9 A, ARHRIF
JERT (2023 47 ) HHEILatER bR T . 44k 3.95
gkg!, AHLR 939 gkg', &% 031 gkg', Hlfir
R 17.74 mgkg ', A R0 10.31 mgkg ', HAEN 69.08
mgkg!, TIEAE 1.51 gem >, pH .75, HIHEAL S
B
1.2 REHMR5iET

R FHARE e i FH A I AR R (N=460 g'kg ™' );
B IE Sy R bR TR O R R ES (AT A BE (POs ) =
440 g-kg')); BIE MR (K,0=520 gkg ' ); A
HLIE AR S AHUE (N: 8 gkg', P,0s: 15 gkg ',
K,0: 8 gkg!, AHURKTET 400 gkg '), 58
JRZF (N=460 g-kg '), HERIBEIR Z RN 60
d MREFRUAIRE, KR 2.3%, T HHRM
SRR A BR A Rl R S AR A e T A A
IR AP TR AP R 1225 78 & 20190015 ),

T 2023 4 4 AE 10 AR, RAMNKHE
MK, EXAHEARERSE (wi=6 000 m*hm 2,
WL ;. w2=4 800 m>-hm 2, TW/KHEWE ) , BIX K
4 P AERL K (f1: BEAIE; 2. FAICREE B ;
3. FACE A PLAL; 4. R A PLAE )
IE R 8 FKNEALHE, Jr DL wifl g BEAL3E, 4
AN 3 AERE, —3k 24 PAEBUNX, BEAS/NX
A 55 m? (5.5 m x10 m) . REMEIEE S % Y
AL ARt (N 270 kg'hm?; P 150 kg'hm™?; K
90 kg-hm?), Hiir, B, AHLE. BEAC. 1A
FHEERIAE A AL — Mt FH( 2023 4F 4 H 20 H ),
RIE B3t 7 =X 3 176.1 kg-hm 2, KRR
B 176.1 kg'hm® (6 A 5 H), KWl r1H58 6
234.75 kgthm* (7 A 3 H ). iXIT 4 H 23 H5%EAL
A, P TS H 10 H (K 3~5 b)) dE4ralvs
FEME, EARMIEETAMEB, %17 0.7 m, 17T
0.4 m, FHEZEIE 90 000 plant-hm 2, AR5 HIHE %
(W1, 6 000 m*hm?) 5 K#E® (W2, 4
800 m**hm ) BIAMAbFE, 2 AbFIBHE T 10% ., &
A 20% . FhfE-rE223] 40% . BES I 30%AY He 4
BCVE K&, 256 /KR CAT LI E e & . 45 b B {A
Tt AE B A% 1 iR .
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Table 1  Fertilization time and specific fertilization amount of each treatment/ (kg-hm )

FEE Basal fertilizer

B IE Topdressing

7K e
» &S AHLIE RN AT FIRW T 1A
Water Fertilizer
Urea Organic fertilizer Controlled-release fertilizer Jointing stage Bell stage
fl 176.1 0 0 176.1 234.75
2 0 0 289.5 176.1 234.75
wl
f3 0 10 125 0 176.1 234.75
4 0 10 125 675 0 0
fl 176.1 0 0 176.1 234.75
2 0 0 289.5 176.1 234.75
w2
3 0 10 125 0 176.1 234.75
f4 0 10 125 675 0 0

W owl: BFHREBE (6000 mhm?) ;

w2: TOKHEBER (4 800 m*hm?) o f1: FUEEC; 2. ZCEEERE, 3. 20

Bohtia HUAL s f4. fEBACECHGEATHLAE, FIHl. Note: wl: conventional irrigation volume (6 000 m*hm™?) ; w2: water-saving irrigation

volume ( 4800 m* hm?) . f1 : nitrogen fertiliser applied alone; f2: nitrogen fertiliser combined with controlled-release fertiliser; f3: nitrogen

fertiliser combined with organic fertiliser; f4: controlled-release fertiliser combined with organic fertiliser. The same below.

1.3 H#@mEESHH

TR (2023 4F 9 J1 29 H ) SLfitRAF,
K A BURE TR X 238 /DX R AR 0~20 em R )=
THERES,, SR R AR BR AR S B AR L R
FEMRAIGE I Wiy . — g AR . B
i, T AR BT s 53— T80 C X
kAR, AT RS R IEMAEYRE SRS £
FEE AT

3Pk 2R R AT R S R i O R bR o
Fkdt T, L3 pH # KRR 1 2.5 BEFR
FHHLAZ I s HHEAHLT (SOM ) R E &
SMInFGEIE ; +3E S (EC) fii ] DDSJ-308A
UL SR I R . A, B T il
R 5 5 B I R 561512 ( ICP-OES/MS il & |
B OBEE R AR TR OLEREE (AAS) 28T,

TR (TN) RAPURE R ; 25 (TP)
25 A PR - v R T A0 UAR BT L (I 5 Bl
A CAN) SRR #5020 0E ; A28 (AP) L
TRTR S AR HE— BB BT L R e s A (AK)
T SR Tl i eV 4 — KOG B e s e

T VR S5 S T RE R R A AT AT I
TR AR L YR e A BR A R S8 . (5149 338F
( 5-ACTCCTACGGGAGGCAGCA-3’ ) Hl 806R
( 5'-GGACTACNNGGGTATCTAAT-3') %I 16S rDNA
B V3~V4 X1, WESCFEFE llumina
MiSeq “F- 5 L #EATI)F . SR DADA2 JiEx R LG
FPAEAT g . R PRI ARk Ak,
T 3 AT A PR A AL 5 2 A, 3T ok Tl T s
FERA .
14 BFEEEAERBNSSH

JEF 168 rRNA LRI 7 AR A5 A 45 /E 43 25 T
(OTU) M MAHRGLRERFE, RHETRELT
HREVRAIR A E . (PICRUSR ) #ff, ST #L A
SERNMATLT (KEGG) BILEE, ML ik
A= YIRS (0B - A8 AR D T R S R = B A T T
M 5 A e R % DDA G SRR K%,
5 Na'/H 38 [w) %12 25 11 JE HI( 40 nhad .nhaB .nhaP ).
K% 35 24 3N (41 kdpA . kdpB., kdpC. trkH) |
Mg* iz B AR (cord) LI Ca* s AH 3N
(ATP2C) %, B AL ERE R, Ll TR
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HIRE ST S S AR RET . BRI AR DG A3
B, LA 7S AS R K IR AR R 825 7% 1 T R ) 22 51
1.5 HEBSHF

K1 Excel 2021 478048 53 Bt . R H] SPSS
20 BAFHEAT B R U5 22 004 (P<0.05) FIRLUAIZR J5
22051 (P<0.01) o RAXEHEEHT (P<0.05) A
[ b 3T 4 A v B e Z AR B A i 2 7
M. RAH R 4.3.2 19 vegan, ggplot2. ape fL4-4T
W AEY B 225 5 A FE AR 4T (PCoA )
fifi I R BRI T M0 0B (LefSe ) 5 SRRk
55 ( Mantel test ) 5387 - 835 K5 5 [ 1A 34508
RERYAHCHE . I Origin2021 BAF 4l i A I RETS
X EREAVRE, 4D o ZREERRLE . 11
5 KT Fl 2 IR 8 ( Pearson ) AHSGHEHVA

2 45 R
2.1 REABBAMERS + 555 5 B0 Eh 72 B 0

H1ZE 2 AlAT, KX o & B 3
PPN . FERA R ACAE R, TOKHERE (w2 ) B2

HRREBE (wl) BAREET T 420484, JUHAE 3
WEER, w2 8wl AL, 2. WA . AR
BRI AR & i 4 = T 3.5%. 11.1%. 6.4%.
11.4%F1 8.6%, &HAIE 27K 73 ke A7 Bl T3 o 1 48
FROTATRCME o it A Ak 3 5 43 B s i 2 e
—HPE, 5 1M, 3 BEER (P<0.05) SOM,
TN. AN, AP, AK &, 76 wl |, f3 43T TN,
AN | AP & H00 51 i 35 ( P<0.05 )36 42.1% . 34.3%
74.1%. M5 2500 (ANOVA) a1, KALEE (w)
FEALFE (£) XF SOM, TN, AN, AP il AK & &
52 e 1 B A 308 (P<0.01) , JFEKIEAS
HAEFX SOM Al AK BSR4 IR E] T 1Y 3% K
(P<0.01) , [FIEFX] AN Fil AP 952 5 A7 1 2%
N (P<0.05) , X TN A9 5200 WA 53 ( P>0.05) .
HE 3 AT, K AR Aot - 4 R I B o 2 g
S R R R, KR (w2) BE
FUHERE (wl) AR TE, M. S Faa,
HAE 2 5 B AR RIS 75 3 03T, w2 i
wl BB, B55 T & il e 387.8%FH
2119.8%, HLFRN TR 8.3%, MY /KE&MA B

F2 FREIKEEALIERS LIEFF S HIF M

Table 2 Effect of different water and fertilization treatments on soil nutrient

il
* * SOM/ (gkg!) TN/ (gkg!) AN/ (mgkg™) AP/ (mgkg™") AK/ (mgkg™)
Water Fertilizer
wl fl 9.53+0.10c 0.38+0.02¢c 28.1+0.36d 10.58+0.28d 69.69+0.62d
f2 9.64+0.06¢ 0.43+0.02b 31.0+0.48¢ 11.69+0.18¢c 72.71£0.47¢
3 10.32+0.06a 0.54+0.02a 37.73+£0.53a 18.42+0.22a 83.84+0.42a
f4 9.79+0.07b 0.51+0.02a 33.87+0.5b 14.04+0.35b 77.19£0.54b
w2 f1 9.56+0.06¢ 0.4+0.03¢c 28.87+0.73d 11.46+0.39d 75.25+0.36d
9.68+0.06bc 0.45+0.01b 31.24+0.71c 13.52+0.17¢ 82.91+0.28¢
f3 10.68+0.14a 0.6+0.03a 40.16+0.95a 20.52+0.43a 91.02+0.44a
4 9.77+0.10b 0.57+0.02a 35.24+0.41b 15.58+0.28b 85.75+0.62b
Jr 2535 ANOVA

w k3 k3 k3 ek ek

F sk sk sk sk sk

W*F sk ns & * sk

{E: SOM, HHEAHLEG; TN, &% AN, WA ; AP, AXEE; AK, HAH; **, * JIRRTE 0.01 F1 0.05 K E2E5
WE; ns FARERARE; FEFVEIEE A EFEFRREHELE 0.05 K E2F8E, FHE. Note: SOM, soil organic matter; TN,
total nitrogen; AN, alkali-hydrolysable nitrogen; AP, available phosphorus; AK, readily available potassium; **, * indicate significant
differences at the 0.01 and 0.05 probability levels, respectively; ns indicates no significant difference; Different lowercase letters within the

same column indicate significant differences among treatments at the 0.05 probability level. The same below.
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Table 3 Effect of different water and fertilization treatments on soil salinity levels
K A Mg*"/ EC
Na'/ (mgkg') K'/(mgkg') Ca*/ (mgkg') pH
Water Fertilizer (mgkg™") (mS-cm™)
wl f1 78.15£0.25b 88.47+0.64a 64.42+0.78a 188.31+1.24c¢ 0.81£0.01a 8.61+0.15ab
107.27+1.10a 59.98+0.79¢ 22.2340.62¢ 684.22+37.99a 0.71£0.03b 8.67+0.03a
3 42.49+0.69d 84.15+0.30b 18.17+0.57d 135.73+15.07d 0.6+0.02d 8.50+0.04b
f4 75.95+0.57¢ 35.06+1.22d 27.14+0.79b 607.28+35.07b 0.67+0.02¢ 8.53+0.02b
w2 fl 45.71+0.55¢ 29.59+0.60c 30.18+0.51c 128.46+22.86¢ 0.78+0.01a 8.7+£0.03a
f2 206.02+1.49a 72.23+1.04a 70.73+£0.55a  1708.74+135.78b 0.67+0.03b 8.65+0.04ab
3 207.3+1.16a 68.66+0.60b 36.87+0.41b  3012.79+170.57a 0.55+0.01d 8.47+0.03b
4 69.2+ 0.24b 29.43+0.19¢ 23.940.66d 1496.37+£69.49b 0.61+0.02¢ 8.50+0.03b
Jr 253 5T ANOVA
W ek B3 * ek B3 ns
F ek *3% ok ek *3% ns
W*F ek *3% Hk ek B3 ns

TR IR LB TR AL AR AL o Bt AR AS X 2 7
UL TN B, 5 f1 M, 45 A 3 %
R THIE F&E (P<0.05) . 78 w2 /KA, 3
AbFRAE B ik 3.01 g'kg ', ECf1 T 23.5 4%
[ H A 5% (EC) fEATA AR B R AL, 44 f1 B3
FEAR T 29.5% (P<0.05) . ANOVA 2 #r /R, 7Kk
BEXTEN . BE. B BT EEAM EC Mg EA
RN (P<0.05) ; AEALFEXIEN . 8. B . 555
T . EC Mg BA W 2800 (P<0.01) .
[ K AEAE BAE X4 . 86 . BIRIES B8 5 it 5 i)
PIRE T B EKE (P<0.01) , Wik, B, KB
ZH X pH B0 #F 5w (P>0.05) .
2.2 A REIZKABALIE X 158 40 i B K B R B 221
W 1a fras, A0 PGE Y RE LA /Y OTUS
AR 731 A4, £ A0ER RE RN 20%~25%,
R T A% O Bl A ) 2 T A TGS 70 N 8 8 s 2 B S
EWAESE. 5 wifl Mk, waf4 Lb P R
F+ T F% (Simpson ) FEEZHME (P<0.01), i
% ( Pielou ) ¥ 2) fF ( P<0.05 ) I 7#
( Goods_coverage ) # i ( P<0.05), {H Chaol 1§
R TR (F 1b), RTAEERZHRE S
(NMDS ) St ARl K I AL B T 2K 4 S5 6k M it v &%
I A EE R (K 1c) B, N JIfH (stress value )
AINTF 0.2, T ZAEHET B A2 3T i S B AR (8] (1Y

B 2ES, Jr T e R AT o T L, IR AR FE wifl
H&APZ [0 TCAHAS, W i AR AR W Vs 451
PAFFER B 5, AR . BRI SAHVUIERE
Jitn Xt A MRS AL A T W, AR
3BT (PCoA) (I 1d) W], /KACALFEXT + 1
A oiae s B W ( BT 22 55.1% ).
FEh 1 (30.3% ) Jrml L, RfER SRR W
JEAEAL R (f1, £2) JRETAREA N, AL
Z5AH (3, f4) W#rE 220, BaRAHLUE
XA RERIAZ O IR AEMERT . FEfh 2 (24.8% ) JF
) L, WEZK St R AR B B T K
(w2) el Bt — 21k, Horb w23
wif3 B, w2fd 5 wifd T, & M-l 7 AT
P REEBC A ML AL HE (w14 R w2f4 ) 7efh 2 £ 1)
R, SEMBEEA VAL (w13 F1 w2f3 ) FE AL
R e, RN Re R ok I/ A . AURE L
SIS D RERE TR A

WK 2a i, TEM1526KF b, AR = B2
10 W ZEHFFE AL A1) ( Proteobacteria ) . ZFEALJ
Wil (Gemmatimonadetes ) . L2k &[]
( Actinobacteria ) . FRFT ] ( Acidobacteria) . g
L5 7] ( Chloroflexi) . #UFFHT] ( Bacteroidetes ) .
P 1] ( Verrucomicrobia ) . fiff fb W2 € 14 ]
( Nitrospirae ) MI7F#: ] ( Planctomycetes ) o Hrfr,
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2933 3181 AbF Treatment AT Treatment 4bFE Treatment
3600
o . P=022 20 P =068 2151
S 3067 = . Group
P ; 240) ] = wifl
= = wif2
M. E 220 ¥ dr B wif3
__________ Jiﬁ' [~ : lﬁ = B3 wif4
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Fig. 1 Effect of different water and fertilization treatments on microbial community diversity ( a. Venn diagram of OTUs; b. Alpha-diversity of

soil microbial community; c. Beta-diversity of soil microbial community; d. PCoA analysis )
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Fig. 2 Soil microbial community dominant species at the phylum ( a) and genus (b ) levels in response to different water and fertilization

treatments
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Fig. 3 Linear discriminant analysis effect size differential analysis( a )and linear discriminant analysis of differential species( b )of soil microbial

communities
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Fig. 4 Relationships between soil bacterial communities ( a. phylum level, b. genus level ) and environmental factors
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