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Abstract: [Objective] This study aimed to investigate the synergistic effects of different water and fertilizer treatments on the
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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 m3-hm2) and
water-saving irrigation (w2, 4 800 m3hm2), and four fertilization modes as sub-plots: f1 (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 w2f3 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 w2f4 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 CorA and the Na*/H* antiporter gene nhaA. The ecological dominance of Proteobacteria was positively
regulated by KefB and CorA. 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 fertilisers (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.
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sequencing; lon transport genes
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R IEE R L RERN MO, PTFUERM, St r A S B R ORE TR AR i, U
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Rufigte, flan, FaiHht UEIERAEYE, SRR wir 2 RSV . 1245 RO ] By
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BHEA (Na'/H" BRIz Er . KRR MIIREE VIS, XL A itk K 1 RE 7K T B
TAEME A T A HE M RE 0. SR, H AT TR B PEan fT fe m S A 3 h AR B T s

IREFE I AL W T i 8 22 o AUl B 2 MEKEREZ UL L 4 MEIERESC,  RGE0Hr A FKIEAR

PN SRR IR AR VI REVE S I RE I, E— BT 165 rRNA B BRIP4, R T e T T2 o) 27
BT RS MORIE AT T 70, BAEM “HERLH” 5 “ThREREA” WANZE I, Sk EHE KL B

TE Y R R IR, DAY #h 50 398 A o 1R e RO IR BBl R A R S
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1.1 XIS HRES

ARG AL T 7 B A WE L T2 B 5 A (38°55'51"N,  106°23'31"E), iz g inam KhGtE <%, 1y
K 9.2°C, AR 219d, FHTLHEM 175d, FHFBKH% 45.1d, FHFEKE 177.0 mm, [ER4E
HEERFE 6 HE 9 H. AR (2023 ) FIEREREIbME A F: 42k 3.959-kgt, AL 9.39
g-kgl, A% 0.319-kg?, BEAEA 17.74 mg-kgt, HRWE 10.31 mg-kgt, EAEH 69.08 mg-kg?, IEEZSE
1.51 g-cm3, pH8.75, HIFEAE SEAK.

1.2 KR 5t

K RS T A EUIE N PR R (N =460 g-kgh); BEAE kIR ST B R AT (5 20 (P20s) =440 g-kgt)) ;
BRE R BR A (K0 =520 g-kgh); B HLUIE AR M ANUIEN: 8g-kg?t, POs: 15g-kg?t, K.0: 8g-kg?t, HHl
K T4T 400 g-kgt). #BEIKE(N=460 g-kgl), MLl IRFARBOIN A 60 d MRAMARKE, &
KEFL) 2.3%, HTEHBMEORBEERAFBELRRA T T4 R R E KRN E
1225(7* 8 & 20190015).

T 2023 % 4 AZ 10 AR, RAXMFRRX BT, £ XAREKERE(W1=6 000 m*hm2, i
FEWE: w2=4 800 m*hm2, “i/KHERE), EIX N 4 Pl s 2. FIERCEEREAE; f3: &
RERBC A HLAE: f4: PERERCRCHE A HLAL), L 8 Pk ARAbEE, FLdt DA wifl Ryxf kb, BN/ X 3 A4
HE, —3L 24 MNEFENX, FAPXEA A 55 m2(5.5 m x10 m). I it P52 2 M HE A AL A e
(N 270 kg-hm2; P 150 kg-hm?; K90 kg-hm?). HA, #REAEL. AL, BEAE. SR THHERTIE A —
N (2023 454 H 20 HD , AAEREH 77 XA 176.1 kg-hm2, TR B 176.1 kg-hm?

(6 H5H) , Kmiw\ O W8 234.75 kg-hm? (7 H 3 H) . RET 4 H 23 H5epd&M, T 5H 10 H
(2K 3~5 D BT ek, TR % AT, %17 0.7 my #4T 0.4 m, FiiE % 90 000
plant-hm=2. AR¥EH R (W1, 6000 m*hm?) 55K (W2, 4800 m*hm?2) BN, &abHEy
P A 10%. FR7THA 20%. k- 22 1] 40%. FEESK I 30911 LUAGI A B HE K B, 4G 7K R SIEIT M R Tk
o SACEEAREALE R 1 TR,
F 1 &L IBHERRAT 8 & B AL 8

Table 1 Fertilization time and specific fertilization amount of each treatment/ (kg-hm2)

FEAE Basal fertilizer 1B I Topdressing
V\/;Jier Fertﬂipllizer RE AP R R KR\ 4
Urea Organic fertilizer Controlled-release fertilizer Jointing stage Bell stage
fl 176.1 0 0 176.1 234.75
wl 2 0 0 289.5 176.1 234.75
3 0 10125 0 176.1 234.75
f4 0 10125 675 0 0
fl 176.1 0 0 176.1 234.75
w2 2 0 0 289.5 176.1 234.75
3 0 10125 0 176.1 234.75
f4 0 10125 675 0 0

W wl: HHEEREE (6000 mhm?2) 5 w2: FiKHEEMEE (4800 mhm?2) . fl: HEEAE; f2: FEEHERIL: 3 RERBAVUIEL: f4: FR
http://pedologica.issas.ac.cn
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JERCHEA ML, TE. Note: wl: conventional irrigation volume (6 000 m® hm™2); w2: water-saving irrigation volume (4800 m3 hm2). 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.

13 HmRESDH

TR (2023 4 9 H 29 H)SEHERAE, K T BURRE XS Bk 3/ DORAE 0~20 om 322 L3k
at, SIFRICRAEYI AR S EE AR . R e RSB0 awitr: — e BRNT BB, HT
TIEEACNE B b 53— A0 T -80 CEMRIR UKAR HH ORA7, TR L T3 IRV 45 M 5 2 AR 0T

F A AL BRI E £ ES IR G ARSI bR HE VAT . 3 pH $R K BTELE 1:2.5 R4 R
PridllsE s AR (SOMD R BRI AMINIAGENE; H3EH 3R (EC) {#iH] DDSI-308A i
FACEILNE R I W TS Bl B G S5 & TR OLIEE (ICP-OES/IMS) Jl5E, 5. B
TR T IRBOE RS (AAS) 7.

TR (TN) RAPURERE; 2B (TP) 28 IER- = SR 5 LAHEE DT L il g s Bl

(AND RGBS HGEDE s A0 (AP) DURRIREINIR IR—EH BRI LL (3l s AT (AKD TR H]
B R B B — I LI e 1,

TRV REVE 45 S5 TR RE R A TR IR AR A BR A W S k. S 338F(5-
ACTCCTACGGGAGGCAGCA-3")#1 806R(5'-GGACTACNNGGGTATCTAAT-3")%} 16S rDNA [ V3~V4 [X it
Ty, RSO JEAE lumina MiSeq & EREATINF . KA DADA2 JiAext J5lda e s #AT il i &
e PHEIFEBRIR G, BEM o Hr w45 2 B, R T BTN Th RE L R AL K
14 BrigcEg &R

HT 165 rRNA JE P3RS IEE Kot (OTU) RIEAHRGKERELE, RAETRGEKEN
RERCIRASEE (PICRUSE2) B, ST A H R4 (KEGG)  HE e, W FE & h iAot
Vi (1 T HEB AN SR T RE Sk [N 2 BEREAT TN o F s 20 A7 55 s el P 3 M 52 5 DDA SR PR B DR 50, 045 Na*/H* 1
M2 E AR (40 nhaA, nhaB. nhaP) . K*#%ia R4 3EK (U1 kdpA. kdpB. kdpC. trkH) . Mg?* #%ia
HEZER (corA) PAK Cazt g MHKREER (ATP2C) &, B A kR R, #E— Bt (T R E
LS RAREE . SR T AR E A, DUR R AN FRIKABAREE 8 5 Fs ThRe i 2 5 1k
15 BRI

KM Excel 2021 BAFEATHE 70 M. R SPSS 20 B 2E4T 5K 3K 75 2270 M (P<0.05) A XX BK| 31 75 2277
#r(P<0.01). RAXHZ7HT(P<0.05) AN [FIALBE N LI FALE ot e 2 AR TR e M 2= R k. R R
4.3.2 (] vegan. ggplot2. ape fLHTHfi € AN B 2 FE I 22 F A AR 73 (PCoA) , ] R B 3EAT 2k
PE ) 55 7 (LefSe) s 25 /R K% (Mantel test) 407 - SR 55 IR T 5 1 TACT-AR 95 B BE RO k.
Origin2021 W AH2 M T AE VI RE ARG BEAIR I, SAEY) o ZREPERIFRZEIE . LIRS 7 A1 BRI

(Pearson) AHRPEHE

2 4 R

2.1 AEIZKBEALIE ST 118 55 o FELRAZ E RS20

R 2 Al A, HEKEXN TR S B EA B RSN . AR ST, TKER (w2) B
MUEME (Wl BER$ETE T %3750 Faks, JoHAE 3 AETF, w2 8wl FAENLR. &% WAEE. A S mEf
WS B IR E T 3.5%. 11.1%. 6.4%. 11.4%F1 8.6%, W& /Ky Mhaa BT s 1% 0a
R . it AR AL BT R AR R s R R B0, 5 fLAEL, f3 B3R A (P<0.05) SOM. TN.
AN. AP. AK & &, fEwl F, f34# ) TN, AN, AP S &0 HE# (P<0.05) 1N 42.1%. 34.3%.
74.1%. H7Z5HT (ANOVA) w40, /KACEE(w)FIIEALLEE(f)X SOM. TN. AN. AP Fll AK & & 1520
BIHAWEZE BN (P<0.01) , Ff HIKIEAZ HAERXT SOM Hil AK f 52511k 3] | 4 2 2 7K
(P<0.01) , [FAIRXF AN I AP fszmit B B35 A8 (P<0.05) , Tiixf TN fsgm A B2 (P>
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0.05) .

H# 3 A, HEK AR B B B A RS SRR R RGO (w2) BUH
FEBE (WD) BERIETE TR B BETE R, UHAE 25 3 AP RIIR . 7E 3T, w2 K wl
MR 581880 W& e 387.8%F1 2119.8%, HL T FFF 8.3%, MLTi/KA&MA BT eit #h3E
BN R . AR N B P AL R IR RN R, 5 fLAHLE, SR BRI TN E A
& (P<0.05) . 7 w2 /KA, 3 AbHRFGES 15 &Ik 3.01g-kg?, i f1#2FF 23,5 £ [RINf H i G
(EC) TEATAALFRrPARAK, 5 f1 B3R T 29.5% (P<0.05) . ANOVA 73#7Er, KAEFXHN. B,
PR ASE TS B EC S B BEMN (P<0.05) ; AEALEEXHN. £, 4. M T5 8. EC I
Wi $5) HLAT A 0 3 38 (P<0.01) o RIS /K AEAZ EAE RGP AN 85 HRIAT B8 1 S 4k 31 T Bl i 25K
- (P<0.0D) , TiZK. JE. JKAEAZ B pH Pk 5m (P>0.05)

% 2 TEIKBEAMIE RS+ 55 5 s 820

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

Vi i
Water Fertilizer SOM/(g-kg™) TN/(g-kg™) AN/(mg-kg?) AP/(mg-kg™) AK/(mg-kg?)
wl fl 9.53+0.10c 0.38+0.02c 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¢c 11.69+0.18¢ 72.71+0.47¢c
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 fl 9.56+0.06¢ 0.4+0.03c 28.87+0.73d 11.46+0.39d 75.25+0.36d
f2 9.68+0.06bc 0.45+0.01b 31.24+0.71c 13.52+0.17¢ 82.91+0.28¢c
f3 10.68+0.14a 0.6+0.03a 40.16+0.95a 20.52+0.43a 91.02+0.44a
f4 9.77+0.10b 0.57+0.02a 35.24+0.41b 15.58+0.28b 85.75+0.62b
75 50T ANOVA
w **k **k *k *k *k
F *k *k **k *k *k
W*F *%k ns * * **

. SOM, LHEFHLE: TN, 4% AN, B AP, AW AK, B **,  * /R 001 A 0.05 AP 1253 ns R R A
B3 R EA R R AR E 0.05 KPP LEREZE. FH. 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.

3 FNEIZKAEAIE XS IR AR TRAZ R ST

Table 3 Effect of different water and fertilization treatments on soil salinity levels

7K e EC
Water Fertilizer Mg?*/(mg-kg™) Na*/(mg-kg?) K*/(mg-kg™) Ca?*/(mg-kg?) (mS-cm'?) pH
fl 78.15+0.25b 88.47+0.64a 64.42+0.78a 188.31+1.24c 0.81+0.01a 8.61+0.15ab
wi 2 107.27+1.10a 59.98+0.79c 22.23+0.62¢ 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+0.02c 8.53+0.02b
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
w2 2 206.02+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
f4 69.2+ 0.24b 29.43+0.19c 23.9+0.66d 1496.37+69.49b 0.61+0.02c 8.50+0.03b
T Z 45T ANOVA
W ** * * ** * ns
F **% ** **k ** ** ns
W*F *% ** **k ** * ns

2.2 N[E]7K BEALEE X+ IR M R B 4H AR OS2

e la Pron, SAEPBEVREEICER OTUs MO8 731 4y, AREE 5 S8 5 1) 20%~25%, 57K
TR OV SR AE DN /K MR B R 00 35 ARSI . 5 wifl AHEL, w2f4 A PR B 52Tt 7
#% (Simpson) F5 £ A1 (P<0.01) 7% (Pielou) ¥ £ (P<0.05) A1k ## (Goods_coverage ) % 55 /& (P<0.05),
{H Chaol fR# 2 FRE#a (K 1b) o ETIEEEZAREZ T (NMDS) XA FEIKAEAL B T FoK 3R
VTR S M LR 5 R (B 1o) Bor, RMA{H (stressvalue) /NT- 0.2, FREH 4EHERF BIRENS F0 0T Hh S W
AR SRS, TSRS B I, XA EE wifl 555 A0 2 M AR, I A AR
g5t FARER RS e, BLRHEUE. SRR S A HUAE R TC it 3B E R S R A T B R . AR
73 (PCoAY (K 1d) 3R, ZKAEALELXS 3o se vl B B2 5um CRIHRTT % 55.1%) . ek
1 (30.3%) J7ia) b, HfeAEstE SHVE: WAL EE (fl. f2) RETAMAN, maENARS S L
(3. f4) WHr 20, SR A NI AT RERIZ LI IE . fE5h 2 (24.8%) J7n b, #EKE
HHiIERM A BN R KR (W2) R fEG HUIEAL B — 2704, Hoh waf3 8 wif3 B, w2fd &
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wifa 8, JERPEAMCLIERE . SR ARECHA VUL AR 2 (wifd FI w2fd)7Edh 2 i R4, S5REANEC A ML
E AL B (W1f3 AT w2f3)JE i (ARG 55, R IR B PRI I T Bk . BURBEIEh 7S s Dl e R A 2

WKl 2a fos, (e 30KF B, FEXTEBERT 10 FISRHF AR IE BT (Proteobacteria)  F HEL B[]
(Gemmatimonadetes) . {2k ] (Actinobacteria) « B2AT 1] (Acidobacteria) « £¢Z5 &[] (Chloroflexi) «
WA H 1] (Bacteroidetes) . FEfE 1] (Verrucomicrobia) « FEALEZHEEE I (Nitrospirae) H1¥F 25 5 ]
(Planctomycetes) . o, AFTEEET. SFERAREA T T FRAT I IR T IR AR ], HARNFEEAT S
76.3%~78.0%. 7% &b FH A RAHNT E RN : w2f3>w2f4>w2f2>w1f2 >wi1f1 >w2fl >wifd >wi1f3. 5%t
M (wafl) AHEE, w2f3 Al w2f4 A2 e 4 & AT B T R 1T A £ B (P<0.05) , TTRRAT R[]
BE TR, HREEEKT (P>0.05) o At wif2 £ w2f4 %A BEA 5 25 BEAR T U5 1 TR AE ) =F
JE(P<0.05) . 4l 2b Fr7w, 78 )@ 73 27K b, AR =EBERT 10 (1 28 A 4R FLITHE 2 5 7 5 J8 (Kaistobacter )
AT F AT B (Lysobacter) . 94T )& (Arthrobacter) . Fifcdy su )@ (Azoarcus) . FILHF H R
(Methylibium) « BX3 EE VB J& (Euzebya) « 28 452 5 )& (Flavisolibacter) | &7 [ v H75 J& (Pontibacter) .
FrA B Hi )R (Ramlibacter) FIZE[EEEFFH & (Steroidobacter) o Firt, BIUHTFE E o 17 Bl J Al 1 28
T B B AL A R, M EATE b 3.12%~6.39% . % AbFE E]EAH X =F FEHET : w2f3 >w2f1>w2f2>w1f4
>w1fl>w2f4>w1f3>wif2. SxHHE (wifl) AHE, w2f3 AbHE S 2 5w 1 L C B 5 307 1 A0 18 28 1T
BB IR (P<0.05) , @K 7 T EE AN FE (P<0.05) o ItAh, wif2 5 w2fd HAbE
SRR TR e B S AR R R v B R AR A (P<0.05) .

b)
& 400 -
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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
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soil microbial community; c. Beta-diversity of soil microbial community; d. PCoA analysis)
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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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