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Effects of Nitrogen Application on Rhizosphere Bacterial Denitrification
Pathways, Root Growth, and Yield of Sunflowers in Salt—Affected Farmland

Fan Xueqin"?, Li Weiping"*, Zhang Jiapeng"®, Chi Zhaonan'?
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(1.State Key Laboratory of Water Engineering Ecology and Environment in Arid Area, Inner Mongolia
Agricultural University, Hohhot 010018, China; 2.College of Water Resources and Civil
Engineering, Inner Mongolia Agricultural University, Hohhot 010018, China)
Abstract: [ Objective] This study aims to investigate the specific mechanisms by which nitrogen application
regulates rhizosphere bacterial denitrification pathways in salt-affected farmland, thereby promoting sunflower root
growth and yield. [Methods] Field plot experiments with drip irrigation under plastic mulch were conducted in

sunflower farmland from 2023 to 2024. Four nitrogen application levels were set: the local conventional nitrogen
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application rate as control (CK: 200 kg/hm?®) , 25% nitrogen reduction (N1: 150 kg/hm?®) , 50% nitrogen
reduction (N2: 100 kg/hm*) , and 75% nitrogen reduction (N3: 50 kg/hm®). [Results] The two-year
experiments demonstrated that moderate nitrogen reduction improved the rhizosphere soil environment in salt-
affected farmland and promoted sunflower root growth and yield formation. Compared with CK, both N1 and N2
treatments significantly increased Ca*" (17.22%, 10.56 %) and Mg*" (34.75%, 25.40%) contents in rhizosphere
soil at the budding stage, and reduced CI" and SO; contents. Furthermore, N1 treatment significantly promoted
oxalic acid and citric acid secretion by root at the budding stage (59.07% and 60.11%) , and N2 treatment
significantly promoted formic acid secretion by root at both the budding stage and the maturity stage. Regarding
functional genes, N1, N2, and N3 treatments reduced the relative abundance of denitrifying genes narG, nirK,
and nirS, whereas N1 treatment increased the abundance of the nosZ gene and altered the composition of nosZ-
type bacterial communities, including increasing the relative abundance of nosZ-type Acidobacteria and
Proteobacteria. Regarding crop growth and yield formation, N1 and N2 treatments significantly increased root
surface area density (RSAD) at the flowering stage and root length density (RLD) at the budding stage. Over two
years, N1 treatment significantly increased sunflower 100-seed weight (9.07% ), seed weight per head (9.08%),
and yield (5.05%). In contrast, N2 and N3 treatments significantly reduced RSAD values (23.66% , 29.46%),
100-seed weight (21.67%, 29.51%) , and seed weight per head (21.66% , 29.49%) at the maturity stage.
[Conclusion] A 25% nitrogen reduction treatment has a potential inhibitory effect on the initial stage of
denitrification (NO;—>NO) and a potential promoting effect on the complete denitrification process (N,O—>N,) in
rhizosphere soil. This not only suppresses nitrogen loss from salt-affected farmland at the source but also promotes
N, reduction. Meanwhile, it shows significant advantages in promoting plant root growth and yield formation, as
well as improving the rhizosphere soil ionic environment. These findings provide a theoretical basis for scientific
nitrogen application and nitrogen loss control in the Tumuchuan Plain irrigation district.

Keywords: rhizosphere bacteria; salt-affected soil; sunflower; denitrification pathway; nitrogen application;

metagenomic sequencing
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Fig.1 Relative abundance plots of narG- , nirK- , nirS—, norB—, and nosZ-type denitrifying bacteria at phylum level in

sunflower rhizosphere soil of sunflower under nitrogen application treatments
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Fig.2 Relative abundance of nirK, narG, nosZ, and nirS denitrifying functional genes in sunflower rhizosphere soil under

nitrogen application treatments
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Table 2 Concentrations of organic acids secreted by roots under nitrogen application treatments ng/g

4y HEW A iR R IR Zm FrEE IR
CK 116.71+5.84c 627.00431.35¢ 1666.14+83.31c 10.044-0.50¢ 10.784+0.54¢
A N1 172.07+8.60a 994.86+49.74a 2650.374132.52a 36.82+1.84a 17.264+1.06a
N2 132.50+6.63b 774.40+38.72b 1855.01+92.75b 34.73+1.74a 16.0340.80b
N3 108.71£5.44c 502.34+25.12d 1248.53+62.43d 18.87+£0.94b 15.364+0.77b
CK 110.63+5.53¢ 938.74+46.94b 2 306.834+115.34b 11.854-0.59¢ 20.13+1.01b
N1 175.26+8.76a 1672.36+83.62a 3521.654176.08a 69.99+3.50a 33.91+1.70a
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2024 T N2 157.30+7.86b 1043.494+52.17b 2494.384+124.72b 32.63+1.63b 23.47+1.17b
N3 128.83+6.44c¢ 648.08+32.40c 870.47443.52¢ 8.75+0.44d 10.9240.55¢
CK 99.49+4.97¢c 962.044-48.10b 1379.76+68.99b 2.94+0.15¢ 14.0440.70c
] N1 166.94+8.35a 1152.26+57.61a 1767.69+88.38a 17.394+0.87a 17.63+0.88a
N2 114.22+5.71b 1037.834+51.89b 1402.21+70.11b 10.32+0.52h 15.4940.77b
N3 76.20+3.81d 696.03+34.80c 465.14423.26¢ 10.5640.53b 6.8640.34d

TE R PR S B b 22 5 TR A [R) /NG 7 Bk 2 7 [) — A 7 0 AN [ ot 2 Ak B ] 0l 35 22 i (p<0. 05) s A HILIRR Ik 32 O g AR B - 3 T
TS A LR e R TR,

x3 HRERLETEABAESEER
Table 3 Yield
application treatments

indicators of sunflower under nitrogen

Epr AR E/(kgehm D) HAIE /g HRAATRIE/g

CK 3622.19+181.11a 24.56+1.23b 199.14+9.96b
2023 N1 3761.924188.10a 26.79+1.34a 217.21+10.86a
" N2 3562.22+178.11a 20.32+1.02c 147.2547.36¢

N3 3027.894-151.40b 18.29+0.92d 132.534-6.63c

CK 3604.29+180.21a 24.08+1.20b 195.23+9.76b

N1 3828.96+191.45b 26.26+1.31a 212.95+10.65a

2024 N2 3221.06+161.05¢ 17.80£0.89¢ 161.54+8.08¢
145.39+£7.27d

N3 2737.904136.90d 16.02-+0.80c¢

H P& 4 W] it 20 Ak B ) AR B b R A E E
o BB O, N1 N2 NS 4b B 2 AR B0 AT 3
FEAE R B2 G AR B 3 CL R SOT & it FHE
7, N1 R N2 &b #8135 ) 25 48 & 9025 AR By + 5
Ca®"(17.22% .10.56 Y ) Al Mg* " (34.75% .25.40 %)%
i N2 5 N34 P 25 AR BT 9] T A8 3 5 e i)
K"+ Na & & N1AN B A B3 AR PR+ HE K +Na

&R CKAN I B2 25 1 id s A (N1,
N2) A #A B T BEARBLE AR PR + 3 CL SO &
i, B HF Ca® Mg™ %A %5 FHE T 19 B8, Al fig
A THCEMRBRE F3HE,CARRERKR KT R E
Sk A ) R A

F &5 AT AR B+ AL R 7 S ) H 2R R AR
KAG bR Bz IR b A M o0 A 45 S . IR 30 S Y Ak o g
H narG 5 SOM NO, -N HI NH, -N 2 52 % & 3 1F
K, 5 HCO; .Ca™" (TN M H R & i 52 W 35 1E AH 56
nosZ SFrEERR R M NH-N £ B F EMH X, 5
Mg® Ca® FIRER PR &2 B & IEAHOC, M5 pH I CL &2
AR O, 3R B B 0T S Ak 2 g A IR 5 AR PR B
BN F KR %Y, 0l e 5% B BOAR & 20 W 9096 BR A
AT R EA R AR F narG il nirk
B R IR OG, 5 o B U G R AR R
il £k Dy e Jk PR 5 9 B85 TR 1 4 OGP A IS I A
T 55 . T B narG onirS Ml nosZ ¥ 5 Ca®" Fll
LMRERFEIFEME, ERRILE I m, WE M5
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K" +Na" .s0? £ i # 1F A0 5, 2 B0 AR Pr 1+ 52 p i £
BT O HIE K+ Na H SO? )] R & 4 £ ) H 2%

A6 B MR 2R 3% 1 R B (RSAD) FITAR & K B
(RVDO¥J 5 K +Na' f1SOF S H B F IEH K, 2 AE 2
A, RSAD . RVD K K % & (RLD) 5 HCO; . MR AR BRI R 1

x4 ERLET20235 0 AXEFTHREIFELER

Table 4 Physicochemical properties of sunflower rhizosphere soil at different growth stages under nitrogen application

treatments in 2023

HEEM b F pH NO;-N/(mg-kg ')  NH,-N/(mg-kg SOM/(g kg D
CK 8.454-0.42ab 36.16+1.81a 33.58+1.52b 9.884-0.49a

— N1 8.024-0.40b 33.7541.69a 38.14+1.73a 9.8140.34a
N2 8.7540.44ab 28.13+1.41b 33.56+1.43b 7.6340.38b

N3 8.994-0.45a 26.44-+1.32b 30.05-1.36¢ 6.9540.35b

CK 8.554-0.43¢ 30.74=+1.54a 39.06+1.77b 11.404-0.57a

3 N1 8.224-0.41d 32.74+1.64a 45.4542.06a 11.804-0.59a
TR N2 8.7540.44b 24.55+1.23b 37.03+1.68b 11.004+0.55a
N3 9.1040.46a 24.45+1.22b 33.48+1.52c¢ 8.18+0.41b

CK 8.764-0.44b 27.1341.36a 36.021.63b 13.6040.68a

re. N1 8.304-0.42¢ 30.15+1.51a 41.094-1.86a 15.604-0.63a
N2 8.8540.44b 23.101.16b 35.281.51b 10.2040.51b

N3 9.16+0.46a 22.11+1.11b 32.474+1.47c 8.43+0.42¢

x5

MERAAET 2024 F @ BELEBFHRIR L EBEAHER

Table 5 Physicochemical properties of sunflower rhizosphere soil at different growth stages under nitrogen application

treatments in 2024

EEH b pH NO;-N/(mg+kg ") NH{-N/(mg-kg " SOM/(g+kg "
CK 8.37+0.42ab 39.784-1.99a 36.944-1.85b 11.07+0.55a

— N1 7.94-0.40b 37.134-1.86a 41.95+2.10a 11.34+0.72a
N2 8.66+0.43ab 30.9441.55b 35.7241.74b 8.55+0.43b
N3 8.900.45a 29.0841.45b 33.064-1.65¢ 7.78+0.39b
CK 8.460.42a 33.814-1.69a 42.97+2.15b 12.7740.64a
N1 8.14+0.41a 36.0141.80a 50.004-2.50a 13.2240.66a

TR N2 8.66+0.43a 27.0141.35b 40.73+2.04b 9.32+0.62b
N3 9.01+0.45a 26.9041.34b 36.8341.84c 9.16+0.46b
CK 8.67+0.43a 29.844-1.49b 39.624-1.98b 15.2340.76b

e N1 8.22+0.41a 33.1741.66a 45.20+2.26a 17.47+0.87a
N2 8.76+0.44a 25.414+1.27c 38.6141.83b 11.4240.57¢
N3 9.07+0.45a 24.324+1.22¢ 35.724+1.79¢ 9.44+0.47d

4.07 (a) 20234 4.0 (b) 20244F

__ 35} = 35t

Tfé’ 3.0 B & N = ;:ﬂ 3.0F =

. a a — B = y— —— = .

E%)Z‘EEE*I:TE;" a—ZbETz %2,5 ;T

4n 200 a | |a| f={ |)i] & = - o 20 .| =

* s § il el S N b

N o = [ = e = - - e 1.5 = ||

& 1.0H .4 d.&'a;f a | 2] FH & 1.0 -

4 = (e o]l B e ] (] (] |B 3 12| [

5/ I I = 8 P [ b o [ : 0.5 _ 1
0 CK N1 N2 N3 C_K NI E 3 CK N1 N2 N3 0 CK N1 N2 N3-CK NI N2 N3 a( N1 N2 N3
HLE FIEM AR L FriE A
[JCOo; [EEHCO, [Oc” [dca” [COMg” [JSO; [COK+Na'
B4 HELETOEERGELIETAEETFASSE

Fig.4 Contents of soluble ion components in sunflower rhizosphere soil under nitrogen application treatments
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Fig.5 Correlation analysis among physicochemical factors of sunflower rhizosphere soil, bacterial denitrifying functional

genes, and root indicators under nitrogen application treatments

R FH 3 3 B R 2 a it AR BT RS AR B £
SR PE BT A B S A AL TR N AE IR R S
TRPR HEATER BTN (R 6.3 7D, 1 20 32 i i 5 E
{1, 831 5Tk 53k #) 86.53% , Hdls B oA W A5 B
P, B8 24 1 D 25 5 W 4 im0 T A% Ak
MRG0 o AR B A [ Ak B2 2545 15 01 HE
J¥ 8 N1=>CK>N2>N3, Ji Wl ik & 2590 (N 7E 2k 3
MR - R85 Ak S i A 2 A 25 T A A e 2R AR &R
A B AR R AR T TR £ 5 8OR B A T I R s
(NS B e 2%
xo6 MALETRIETEEAER.AERELIERER.

EMIRREFENEM TS REER
Table 6 Principal component scoring coefficient matrix of

rhizosphere soil physicochemical properties, bac-

terial denitrification functional genes, crop roots,

and yield under nitrogen application treatments

B F g1 F g2
RSAD 0.952 —0.194
P hE 0.852 0.491
NH, -N 0.940 —0.285
FrE R 0.896 0.280
Ca’" 0.273 —0.857
Mg*' 0.844 0.293
nosZ 0.735 —0.611
nirk 0.267 0.924
FRAEAE 4.623 2.299
it &Y 57.790 57.790
ST/ % 28.740 86.530
3 it #

31 HRAEBENRETEFRSERDHESERIRR
ERKMFEENHIE
TR U AR R T R AR B (RLDD 5 AR SR
U B (RSADD™ AR WF SR I8 A 25% 15 5096 4b 3 &
WM BLEE W RLD 5 4E W RSAD fH , vl fig 5 &

136 it PR 3R K S5 e e A U e R A
o it ZRUAE A NHG K [, R AR = 2 F
AU IR 25 0o A P AL R Ak B 55 AR B - 3
NH, By [E G, 5 2% 2 e 3L AR PR + 39 NHL -N & i
(13.57%0) , T A AR &R AR R R LB 58 A (TR . 1
G, WA 2 A5 TR Y R W, A B U R RE B8 5 - 4
AR PE 5T, SO AR R R ER R AR K
B OARWEITUA 2504 Ab P 35 R 1) H 2 ORI
B R RL L, O B 24t HE 7 B 19 T8 0, U8 W 7R 0 F
A A AET BB S 52 BURF KLY T A7 B R, DT 3R
EUTi T RN TE S PR E S
x7 HELEBTRETEEBAER.ARRELIIEER.
EMRASFEANEE TS REERF
Table 7 Comprehensive scores and rankings among rhi-
zosphere soil physicochemical properties, bacte-

rial denitrifying functional genes, crop roots, and
yield under nitrogen application treatments

< b3
OB ey men  ma TP
CK 0.47 0.98 0.64 2
N1 0.69 0.60 0.66 1
2023
N2 0.36 0.97 0.56 3
N3 0.09 051 0.23 1
CK 0.63 0.65 0.64 2
N1 0.89 0.25 0.68 1
2024
N2 0.52 0.52 0.52 3
N3 0.23 0.02 0.16 4

Uk L8 1T BE fik & A4 ) Bk 38 BE 36 N AR 0 AR
F Oy WA HLIR CNFF B8R L B IR 45O ™ AR R 70 I W)
- HERA P R . AT A 25 %0 Ab 3 i
2 3F B0 75 AR &R 4 W R 5 R B R (59.07 %
60.11%) , Ik & 50 %0 Ab B & 2 £ ik B0 75 1) A Al 2 3
MR I R (14.17 %) o BT FIAT 168 1R N (L E 1 5%
YEW it 514 6 T 38 1 2 A A AR E Mg™ (Ca™ 4F
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BH 5 19 B, 48 11 7 43 A ssobE ) o Sk A E 5 0 R
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AR PR B 1 IR 58, 22 il £8 i A0 AU o
32 MERAEBNRETEREUHAEEERENS
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