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Abstract: [objective] Nitrogen-fixing bacteria are crucial for biological nitrogen fixation in paddy fields. Returning
straw to these fields increases the soil carbon-to-nitrogen ratio (C/N), potentially impacting the diversity and functionality
of nitrogen-fixing microorganisms. The rice rhizosphere, a highly active microbial zone, experiences rapid oxygen
depletion from straw decomposition, which promotes anaerobic nitrogen fixation. Conversely, the growth of rice may
release oxygen, thereby potentially inhibiting these microorganisms. Research on these intricate interactions within rice
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cultivation systems remains limited. [Methods] In this study, the rhizosphere bag method was employed to explore the
impact of varying straw return levels (0%, 1%, 2%) on the abundance and community structure of nitrogen-fixing bacteria,
as well as on nitrogenase activity in the rhizosphere and bulk soil of two distinct paddy soil types (high sandy soil and
yellow mud soil). [Result] The results indicated that, compared to no straw return, a 2% straw return significantly
increased the abundance of nifH genes in the bulk of high sandy soil by approximately 86.2%, and in the rhizosphere of
both soil types by 154% to 179%. In both types of paddy fields, the abundance of nifH genes in the rhizosphere soil was
higher than in the bulk soil, particularly under the 2% straw return condition, with increases ranging from 68.3% to 101%.
Principal Coordinates Analysis (PCoA) revealed significant changes in the composition of nitrogen-fixing microorganisms
in the bulk soil of both soil types compared to their respective rhizospheres. Additionally, the community compositions of
nitrogen-fixing bacteria in the rhizosphere were distinctly separated from those in the bulk soil. The response of soil
nitrogenase activities to straw return was inconsistent with that of nitrogen-fixing bacteria. Under a 1% straw return,
nitrogenase activity in the bulk of high sandy soil showed no significant change, but increased by nearly 33.8% with a 2%
return. Conversely, nitrogenase activity in the rhizosphere of high sandy soil decreased significantly by 18.3% to 37.2%
under both straw return conditions. In contrast, in yellow mud soil, nitrogenase activity in both the rhizosphere and bulk
soil significantly increased by 8.69% to 20.4% under a 1% straw return, but decreased under a 2% return. [ Conclusion]
In summary, the rhizosphere enhances the abundance of soil nitrogen-fixing bacteria and their enzyme activities by
optimizing the soil environment. Meanwhile, straw return primarily increases soil organic carbon and the carbon-to-
nitrogen (C/N) ratio, thereby boosting the abundance of nitrogen-fixing bacteria and altering microbial community
diversity. The response of soil nitrogenase activity to straw return varies depending on the soil type and the amount of
straw returned.
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Table 1 Effect of different amounts of straw returning on physical and chemical properties of rhizosphere and bulk of two types of paddy soils

* | AT X R SR FEE RS IERPRX TR IR BB

o s BB e B WA T HOKED
Soil type Treatment pH / TQC_I TN_I C/N AN 1 A.P 1 A.K 1
(gke") /(g'kg™) / (mg'kg™) / (mg'kg™) /(mgkg™)

BSO 6.96:0.05¢f 8.85+0.56g 0.98+0.02¢ 9.06:0.69f 88.6+9.8g 27.943.5abc 70.0+2.6¢

BSI 7.10+0.07bcd 9.93+0.11f 1.010.03¢ 9.86:£0.17de 107.645.3defe 31.342.6a 114.5+11.5¢

Bt BS2 7.1140.06bed  10.47+0.05¢f 1.14£0.01f 9.210.10ef 114.145.0def 29.5+0.7abe 146.0421.7¢
(GS) RSO 7.09+0.05¢d 8.430.32¢g 1.04+0.02¢g 8.1140.15¢ 103.9+10.6efg 28.4+1.1abc 47.3+20.6h

RSI 7.18+0.07bc 10.00£0.18f 1.05+0.01g 9.52+0.14ef 98.8+2 8fg 30.144.4ab 79.0+16.0fg

RS2 7.2240.08b 11.08+0.12¢ 1.23£0.01e 9.00+0.18f 95.5427.4fg 27.142.4abed 140.3+12.1¢d

BSO 7.35+0.13a 21.14+0.38¢ 1.86+0.01d 11.37+0.26a 125.6+7.7bed 23.0+0.9def 139.313.7cd

BSI 7.05+0.06de 22.34+0.91b 2.02+0.12b 11.12+0.94ab 139.141.4bc 25.4+3 8cde 172.7+9.0b

f— BS2 6.94+0.05¢f 23.1240.11a 2.20+0.04a 10.49+0.17bed 143.7+1.6a 26.5+1.5bcd 228.3+3.2a
(N RSO 6.76:0.08g 20.27+0.31d 1.9440.03¢ 10.45+0.18bcd 123.348.2¢d 19.5+1.2f 92.0+3.5¢

RS1 6.78+0.04g 21.40+0.55¢ 2.07+0.02b 10.34+0.35¢d 121.0£10.5cde 21.4+1 8ef 122.048.9de

RS2 6.8440.04fg 23.41+0.54a 2.16£0.01a 10.8343.48abc 142.6+3.5a 26.0+1.7bcd 186.742.1b

e GS: @bt HN: #E+; B: JERBRX; R: RPRX; SO: FEFFAEH; S1: 1%FEFHEH; S2: 2%MEFHEH . RHEIRNBEEHEE (1=3), FRIAFR/NG
FRRRAELGE M ZEZREE (P<0.05). FE. Note: GS: high sandy soil; HN: yellow mud soil; B: bulk; R: rhizosphere; SO: no-straw returning; S1: 1% straw returning; S2: 2%
straw returning. The data in the table are presented as mean =+ standard deviation (n=3), different lowercase letters in the same column indicate significant differences at 0.05 level between
treatments. The same below.
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2.2 TEARPRSIERFRX TIRE R EIFEE

PP SRS T AR B 5 AR AR PR X -3 [ R BE FE R nifH 3 P RS AR FH A 2 AL 1a. EH P
lav] 1, SREFAEHAM, S1AREEH A B2 UL P28 H IR PR X 5 AR PR X nifH £ B,
Bl & FE AT IC H B R0, S2 AP NSRS L ARMRPRIX. nifH FEPR B W BN T4 86.2%, T
A IR PR IX nifH FER FE S B EWEIN T 154%~179% (P < 0.05); WFRERM, S5IEHR
brIX LEEAHLE, 3 FOAIRIEREFE H R AR ARG AR BRI nifH LR 32 BE3 A B, i S2 4b
B, mb A e ARBR X nifH R FE RGN T 68.3%~101% (P < 0.05). LA E#F5is
KB, HAEMRPR T IEAL, PR ARE AR Br X B A B A BT iR e, B RS AT
BN, 2%F5FF I8 H AT 2 B m AR bR X [ S e
2.3 FEARPRSIERFX TIZBE R E 2

T K 19 S 2R EE AR s 5 R AR B X 3 [ U A a2 A s L 1b B e
HER AL, B HSE, PR HARBR A EHEAR PR X 3 A A Ao 2 FEPE (Chao
A1 Shanno f5¥0) BB ZEMER. SAMRRX B, SRR XEEMAEY Chao 1 15
BAE SO A S2 AbBE W E MK, Shannon FEENFF 0B E AR T B AR PR X 4 328 [ U
Vo2 SRR PR X Z A ANAAE RS AR . DL RSG5 IRR B, FSHHE B R B3 R W
Foh AT HH AR B 5 JEAR B [X [l B E P2 FEME, RIS AT 5 AR Br -5 FEAR B X [ S A= o
ZRMIHTREEZR, NS EAREX Chao 1 faHUE Z K TIEHRIRX .

a)g 1x10° '% b) Chao index C) Shannon index
z a
= 3500 2 2, a & . abe
a
e ns + a P be @ = = é ]
8
1 a ab é abe
¥ so00[+| &b 2 e
8x10° ab ab

o

nifH EFRE %

nifH gene copy number/(mpies'g'l

ns
d ‘ bed

c
cde — ) eder T 5000
3x10%4 e de
e < 44
. 1500
&

NS e DN DDA D D AN DD DNDD DD DD D
4G %% %% % %% %%t FEFSFIFFPIETEFE FIFIETETPFFEES
Gs HN GS AN GS HN

E: *RIR P<0.05 KFZER RS, MRR P<0.01 KFERESE, ©*FR P<0.001 KFZFEE, ns £ P>0.05.
R, Note: *indicates a significant difference at P <0.05, ** indicates a significant difference at P < 0.01, and *** indicates a
significant difference at P <0.001, ns indicates P > 0.05 . The same below.

Bl 1 REFFAE FH X 5 R DS RS AR B 5 AR ARBR X 3% niff £ (). a ZREE (by o) W3
Fig. 1 Effects of straw returning on the abundance of nifH (a) and a diversity (b, c¢) of nitrogen-fixing bacterias in soil in the
rhizosphere and bulk of two types of paddy fields

2.4 TEARPRSIERPRX TIEE R E B % H R

FEFFIE FH 264 P AR S TR L3 i [ B A VR A R L] 20 eI 2 mT%n, AR

e A AE TR B EER B YR N E B ] (Firmicutes) « il 28 B 1]
(Actinobacteria) « %8 J£ [ ] (Proteobacteria) « %k %5 B ] (Chloroflexi) « Il #F & I
(Bacteroidetes) « PR #F B ] (Acidobacteria) , & # XF 3 B 4> 5 N 8.12%~36.4%-

6.73%~33.4%. 11.8%~23.9%. 9.21%~24.0%. 2.27%~5.36% 1.25%~736%, i nifH HPH4 %

B 85.3%. SFEFT AL HAL, FEFFEHIES 7 HFEARE H AR bR 5 SRR PR X Firmicutes AH

ST FJE 16.8%~96.9%. ( 2a).

TEJEAKT b, PR 2S8R H L8 [ B AR 35 B B LE AR R R (Bradyrhizobium) it
INE B (Desulfovibrio) JREKIANH JE (Anaeromyxobacter). Mt J& (Geobacter) [fl%
N B (Azoarcus). WIEFFH)E (Methylobacter) WHHEARIE R & (Sinorhizobium) F1H IEEK B
J& (Methylococcus) , F: 8 Xt = B 45 0 A 11.2%~47.6%+ 2.83%~19.7%- 0.67%~21.5%
2.65%~16.0%- 1.38%~12.6%+ 0.17%~14.4%- 0.14%~19.2%- 0.33%~10.9% (}& 2b). S5FEFFA
CHAREL, FEFHEHEE S T PR RRE AR PR SAERPR X Bradyrhizobium 1 Desulfovibrio AHX}
FE (W EAERRIX RSN . thAh, S2 A B ESE R 1 b LARPRIX Sinorhizobium FHXTEFE .
SR, Anaeromyxobacter Azoarcus il Geobacter X =& Bl 7 FE T4 FH & A 3G i B FFK A8
# (B 2b),

N B AS R SR A FH S R B 2550 %o) 79 b 2 TR R ARG 3= B e, 3T R bR g 4.
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%S0T (B2e, B0 HUBERIL, SSIRRBRIEHEAMLL, 3 FMREFTIE IR B AR
br X Bradyrhizobium 1 Azoarcus FAXT FEE N, HZER AL E, FE S LR FX
Anaeromyxobacter 1£ SO F1 S2 AEFE R 37 W ZEFFK T 69.9% 1 82.2%. w4k, e LARPRIX
Methylococcus FAXTEFELE S1 ALEEFN Desulfovibrio FXTFEEAE SO ALEE N & JEM Fr X 43 7] 5k 35 48
T 662%H129.4% (K 2).
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Fig. 2 Community composition of nitrogen-fixing bacteria phyum levels (a) and genus levels (b) between rhizosphere and bulk of two types of paddy soil, and analysis of intergroup differences in the genus levels
based on rhizosphere effect (c, d)
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Fig. 3 principal coordinate analysis (PCoA) analysis of nitrogen-fixing bacterias (a, b) in soil in the rhizosphere and bulk of two
types of paddy fields
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Fig. 4 Canonical correlation analysis (CCA) of soil nitrogen-fixing bacterias in the rhizosphere and bulk of two types of paddy soils under straw returning conditions (a, b), correlation heatmap of genus-level
community composition and environmental factors ©, soil nitrogenase activity (d) and random forest model analysis (e, f)
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