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Abstract: [Objective] This study aimed to investigate the differential responses of rhizosphere and bulk soil
microbial diversity to long-term fertilization and to identify the key nutrient drivers. [Method] Rhizosphere and
bulk soils were collected from tobacco plants under five treatments in a long-term field experiment established in
2010. The samples were collected from plots with no fertilization (CK), inorganic fertilizer alone (NPK), organic
fertilizer alone (OM), combined inorganic and organic fertilization (NPKO), and inorganic fertilizer plus green
manure incorporation (NPKG). Using high-throughput sequencing, soil physicochemical analyses, and functional
prediction, we evaluated the effects of different fertilization treatments on the composition, diversity, and potential
functions of bacterial and fungal communities in rhizosphere and bulk soils. [Result] The results showed that long-
term fertilization significantly altered bacterial community structure in both rhizosphere and bulk soil, whereas
fungal community structure responded significantly only in bulk soil. Proteobacteria, Actinobacteriota,
Acidobacteriota, Ascomycota, and Basidiomycota were the dominant phyla shared by both habitats. Fertilization
generally promoted the enrichment of Sphingomonas. Meanwhile, compared with CK, the relative abundance of
Fusarium under NPKG increased significantly by 117.20%, whereas NPKO increased the abundance of Humicola
in the rhizosphere and reduced Fusarium to the lowest level among all treatments, representing a 42.86% decrease
relative to CK. Also, fertilization significantly increased soil carbon (32.32%-159.76%) and nitrogen (17.68%—
229.80%) fractions. Soil pH, total nitrogen, total organic carbon, and dissolved organic carbon were the key factors
driving rhizosphere bacterial succession (P < 0.05), whereas bulk soil fungal communities were mainly driven by
alkali-hydrolyzable nitrogen. Fertilization enhanced the potential functions of bulk soil bacteria related to carbon
and nitrogen metabolism and transmembrane transport. In addition, NPKO not only strengthened the potential of
fungi to decompose complex organic substrates, but also reduced the predicted abundance of functions associated
with potential rhizosphere pathogens. [Conclusion] Bacterial and fungal communities showed clear habitat-
specific responses to long-term fertilization, with their succession driven primarily by multiple nutrient factors in
the rhizosphere soil and by alkaline hydrolyzable nitrogen in bulk soil. Additionally, combined organic—inorganic
fertilization was more effective in coordinating nutrient turnover and maintaining rhizosphere microecological health.
Key words: Long-term fertilization; Tobacco-growing soil; Rhizosphere; Bulk soil; Microbial community;

Functional prediction
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1.1 ISR

RIS LE AR AT R 58 B SR 254 B2 703k 3047 o IR ML T LU AR A 7 5 i R SR X
ATTR (36°26'N, 120°34'E), KSR 12.7°C, BF/KE 959.5mm, JLFEY 203d, #Ek 75.0
m. TIERAUNESE, HHE (0~20cm) 13 pH K 5.56, % 1.20g-em>, AHIKS & 6.67
gkg!, TR 52.69 mg-kg!, A RWE 10.60 mgkg!, JEH 105.25 mg-kg .
1.2 R 5HEERE

KHAEARIR UG T 2010 4F, H ALK EaMALX Hikit, LARL (CK.
FETEHUAEAL (NPKD. Hjti A HUAEZL (OMD. AHLEHUAERC 4L (NPKO) . TEHLAE NS AE
HZ (NPKG, JaSCHMREEANAD) FAAAE, BN ER 3 R 32 BRI 5
fE. fEMIIEEHE F, CK ACBEEAEMIZNIN, NPK. NPKO. NPKG AHATLHLE (N, P. K)
it 5, OM ALFR Ui FH & #4426 LA, NPKO AbHE JE A8 Hh i it 783 24 2R 25 HLAE,
NPKG T4 R e —4E AR BB 22 B4 KA 707, TIRAE 4 A ks 28 22 BBl 8 AR N SEAE .
JE A ZEA N AN R AR R & = 508 201.27 gkg! Al 1.47 gkg!, HEER S E
36.87%, R EE 2.52%, WAL (C/N) 14.61. FAPEHAKGGIC & WLE 1.

* 1 BLEBIERERRE

Table 1 Total fertilizer application rates under different treatments

AL i F & Fertilizer application rate/(kg-hm™)

posi
FeHLAE Chemical fertilizer HHLAE 53
Treatment
N P,0s5 K,O Organic fertilizer Green fertilizer
CK 0 0 0 0 0
NPK 82.20 83.25 249.75 0 0
oM 0 0 0 22 500 0
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NPKO 82.20 83.25 249.75 15000 0
NPKG 82.20 83.25 249.75 0 4541

1.3 #HmRESHH

2024 4 8 F 9 HMEFE T HBI s R AL T390 . ARAR B 3 E A ARAR S 50 em Y8
0-20 cm M358, PR LA FH T TR B RallKe B o5 72 08 JEAR R BT 2 mm 1) 438 ) T SR,
¥ IR SRR S, 2N O U EH . — 0 N TC B RS SR UK &R,
[F] S5 25 80 °C fRAF, HTIAEM Aol —3i4y 4 °cCORAEH T L n[ A Lk (DOC)
I SE s 55— &R TIFEE I 05 5 B T 3R (AKD. 3208 (AP) SR FR 1M 52 »

AR EMEYLIR E &% (Kjeltec 8400, 122 U7, +3E XA N (TOC). DOC
FFRA PR (POC) ¥IKH TOC 4 #1{¢ (multi N/C 3100, Analytik Jena, f&[E) JE; +
e K 1.0 mol-L™! NaOH B4 HOZM e . A &R A 0.5 mol- L™ BRI MR #2—4H
ghPrtb ek, FIFHEFFRMY (Multiskan GO, Thermo Fisher Scientific, i) MIEBOGE,; &
ROHRA 1 mol L™ ZRRER HE—KIAEE TN 5E o

AN R AN LR 2294 16S rRNA JE[A V4 X (515F/806R) Al ITS1 X (ITS5-
1737F/ITS2-2043R). * ] DNeasy® PowerSoil® Pro Kit #H{ - 1A= 43 K4 DNA, il
I 1% B e LKA DNA i 2. PCR P& alifh R4 RIS R e AT mim =
F¥ s W TAE B AL S R BOE R A A BR A 7] 78
1.4 HIENE

J5 04 AR 7E QIIME2 “F & 1SR F DADA?2 8235 HE 47 i 12 . 20t BB A &1k 221,
343 ASVs (Amplicon Sequence Variants) KFFIEFR. 7R FRERA QIME 2 34458 %,
H A5 16S rRNA B FHIFE T SILVA 138.1 H¥E kT ER:, HE ITS FHl3T
UNITE v9.0 4 EEATVERE, FEAE o A1 B ZAENE BT i e sme /N P IR FE 1EAT 35— A Ak 3
Y T AR A PICRUSE2 347 FU, J3545 PFAM ThAE: ; H i A &S Th AL 258K FUNGuild
B TR . R BRI 5 Z 00T LA R AR B ) 38 9% 0 A A= P de b 22 5%, FELL LSD %
BT Z B L. 3T Bray-Curtis #7237 NMDS HiF 1 PERMANOVA 43475 ] Mantel
K6 7 M VA 2540 5 25 00 IR T IR ORHG,  FEX) 8 7K-F Spearman #H G117 BH-FDR K IE .

2 45 R

21 HERRAIERHARER STRAR R S I OB
1E ASV KT B, I AEXS A0 VA o 24 PEAR A BRI BON A IR (3R 2). 1REx
+IE4HE H, NPKO () Chaol F1 Observed_ASVs fHELE K T CK 403 (P<0.05), 3
ARACHEE A o AFRPRA A o SRR ACEAS R AR EE IR 200 & 25 22 57 ARPATEAR
BRETE( Chaol . Obscrved ASVs il Shannon 15407 % LB TS5 (P>0.05).
%2 FRABTRIFSIERIRERAE S HE o SHHEN

Table 2 a-diversity of rhizosphere and bulk soil bacteria and fungi under different fertilization treatments

+ 3 X ot M 1% Bacteria F ¥ Fungi
Soil compartment ~ Treatment Chaol Observed_ASVs  Shannon Chaol Observed_ASVs  Shannon
bz CKR  3203+£312ab  3056+277ab  10.5+0.2a 537+118a  467+120.6a  4.8+0.8a
Rhizosphere NPKR 2 769+554ab 2 664+£500ab  10.24+0.4a 467+44a 374444 .6a 38*1.1a

OMR 2 888+930ab 2 751+864ab  9.9+1.3a 585+139a 483+133a 4.6+t13a
NPKOR 2 417+496¢ 2346+441c 9.9+04a  578+60a 436+ 18a 4510.3a
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NPKGR  3615+254a  3452+212a  10.4+0.2a 491+85a 412+86a 5.140.7a
AEARBR CKB 24624232ab 2 385+226ab 10.240.3a 674+173a 564+121a 5.8+0.8a
Bulk soil NPKB  2230+433b 2131+411b 9.4+0.7a 6421452 533+20a 55+0.1a

OMB 3 114+427a 2 943+410a 10.3+0.5a 638+132a 537+49a 53+0.4a
NPKOB 2 745+407ab 2 628+335ab 10.3+0.2a 645+157a 5154+130a 5.6+0.6a
NPKGB 2 286+278b 2 166+£270b 9.7+0.4a 464=£110a 409 £94a 54%£0.5a
J£T Bray-Curtis PF 25 1Y) NMDS 73 #7388, ARt AEAL 2R 2 2 5200 1 R bR A SRR Br 1438
MRS (B Do WRPRA R AL HE A 2 7 B3 (stress=0.087, R*=0.675, P=0.001),
AR PR B T A TR A 25 3 TR 25 (stress=0.079, R®=0.595, P=0.044). tRFrELHBEE AN
[ AbF ) 25 5 R 2 (stress=0.146, R?=0.532, P=0.243), 1A PrE B RIS A3 1) 2 7
# (stress=0.102, R*=0.587, P=0.003).

a) Bacteria PERMANOVA R*=0.675, P=0.001

b Fungi PERMANOVA R=0.532, P=0.243
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] P

TE: a)s o) NAIE#TA: b). dNHERE: /0 NMDS HFE, £My% R PERMANOVA #5645 5 R: #REx:
B: dERER. (585 B HRER S JEARPR 7 BRI 5 A B —380 . Note: a) and c), Bacterial communities; b) and d), Fungal
communities. The left panel shows the NMDS ordination, and the right panel shows the corresponding PERMANOVA results. R:
Rhizosphere; B: Bulk soil. (The lettering scheme for rhizosphere and bulk soil in the following figures is consistent with that used
in this figure.)
Bl 1 AR E N RER S AR PR 32 547 NMDS Z3#r
Fig. 1 NMDS analysis of rhizosphere and bulk soil microbial communities under different fertilization treatments
2.2 TERRALIEXTARPR S AERPR TR U R R LA A Y 52N
T AR R 5 A EAR Br 3 A iR AL & 2 P e S5 R o, R BRI A A0 i 4R
KN A B 1] ( Proteobacteria ) ( 31.20%~41.92% ) « i 28 6 ] ( Actinobacteriota )
(10.50%~22.97%)~ FATE 1] (Acidobacteriota) (11.58%~16.00%). 5 CK AHLL, jEftib#i
P VAT E 1 THEE, FRAR T ERAT I [ THERE, T OM LI rp R 73 A0 354 B 1] A AR X =F B2
Borro ARMRPRB AR S IR BRI, A B 115 £ T (27.15%~36.67%), HIK MR
(12.19%~19.69%)~ BATETT (15.00%~19.25%) o HRFR 148 i AR T B R0 LR 1 11 PR X
F RS T AR R 3, TRAT 3 [ IR AR AR b 3B PR B o R T 17K AR N =R B2
SR (B 2b), WRPRTIEHRARETTATER] (Ascomycota) (25.52%~53.66%), H
A1 1] (Basidiomycota) (3.80%~8.05% ) #% {152 | 1 (Mortierellomycota) ( 1.82%~6.40%)
AIAE ] (Chytridiomycota) (1.73%~7.30%). 5 CK AHEL, it B AL P56 PR 225
BRI R B2, R s TR M T . fEAR R B 3, TRE IS %
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(45.43%~73.14%), HTHEI] (6.85%~10.74%) FHLHEI] (3.66%~10.72%) K. 544
B, AEAR B 22 AL 58 B T =E R s T AR B

Bacteria .
Fungi
a)
b)
100 B Proteobacteria
= EEe i ; 100
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= 2 - i
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BN Verrucomicrobiota . Rozellomycota
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Others
0
TS S PRI P TS FF SO P&
FEFFTLELE FFF L FFSEE TEFTEE
TUES TESES TOS FOLE
At E Jis:d
Treatments Treatments

7E: a) 4, b) HEE. Note: a) Bacterial, b) Fungal.
Bl 2 A NRER S AR bR LI A A i AR
Fig. 2 Relative abundance of microbial phyla in rhizosphere and bulk soil under different fertilization treatments

JEIKP oA T, B A 1 B ZE AR B NPK A NPKO AbH DL % JEFR R NPK Ab 3
xR R (B 3). BRI, T8 5w AR ) T8 8 R e 5 AR Br e ) AR
MRPRA3d, NPKO AP 5 2 SR A e, 9 33.47%; NPKG ARER A8 )T J@ AH
X FEEERE, N 15.03%, 1 NPKO ALK, N 3.67%. EtRbrtigd, B AERERE
e F SRR A ARL, B8R 7D TR AE R = B A v T AR PR

Fusarium J&E 5 2P 5 IR LA FEAH KRR B E, #E— P Fusarium BIFX
FERIL (] 4b), 5 CK AL, RER-L3EH NPK. OM I NPKO AbH ()8 7 1 Ja A%t = 3 4y
FIFRAR 28.57%. 38.14%F1 42.86%, FLrf NPKG AbEE R EHIN 117.20%. 7EIEHR PR3+,
Bt AL B B ) TR A = E R SR I IS, Horh NPK AT NPKG AR BEEE1E Y 156.06% 41
152.10%. EHOCHR B L 2 AR MR E S BT 5 ARV AR [ 2R RE AT AN 2 2
L, #E— B W & ALPES Fusarium SEIN2 35 FEBEFE DTSR B BER 2R AL (18] 4a). 25
BER, Wertid, 5 CKAHLL, OM Al NPKO 4B R Lysobacter 7EANHFEHIERE, HH
X0 2.76%M 2.22%, NPKG 43T Bacillus 1 ETHE 1.71%:; HEAEAL AR T
Alternaria W% (B 4a2), L NPKO Fil NPKG AbFE R FRIEER K, 35104 87.69%.
97.54%. AEARPrLIEF OM AELR Streptomyces FFEN 1.28%, NPKO A Bacillus F
Streptomyces F-F£53 7N 0.35%+ 0.99%, NPKG 4P Bacillus F1 Streptomyces =F-J& 551N
0.30%-~ 0.81%.

a) Bacteria b) Fungi

ISphing gggggg

IRB4I

IGemmatimonax > IFusarium /§.<
-+ - - /
.umdentxﬁed_SC—I—&f,/é/ aFwsicolla — ///
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Omp1 — /\WKRI

http://pedologica.issas.ac.cn



+ gk
Acta Pedologica Sinica
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VE: a)s o, b). d)FER. EETEERRANEZE RN, BEHTXANEMAEYE. Note: a) and ¢), Bacterial; b) and

d), Fungal. The width of the links represents relative abundance, and colors distinguish different microbial genera.
Bl 3 AN A Ab B R AR B 5 AR B S A A B v 1 R KT 43 AT

Fig. 3 Genus-level diagrams of microbial community composition in rhizosphere and bulk soil under different fertilization

treatments
WRIIME  Fusarium
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s Q
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= &8 < &8 S & B &g
Abri YISt
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I WHEREPIERE: Bacillus CFUFFEIE) . Pseudomonas (REMIEE ) Lysobacter (FEWFEJE) Paenibacillus (32
A #JE ). Trichoderma (KEEJE)- Streptomyces CHERFHR); WTERIEZEE: Ralstonia (F5/RIKEJE)+ Colletotrichum (%
JHHEJE) Al Alternaria CEERTHEIJE). Note: Potential antagonistic genera: Bacillus, Pseudomonas, Lysobacter, Paenibacillus,
Trichoderma, Streptomyces; Potential pathogenic genera: Ralstonia, Colletotrichum, Alternaria.

Kl 4 AR T ARRRS AR PR SRR DU 0 R s 8 T ARG = BE AR AE
Fig. 4 Relative abundance characteristics of potential antagonistic and pathogenic genera, including Fusarium, in rhizosphere and
bulk soil under different fertilization treatments

2.3 eEBBALIE T ARPR S AEMRBRE MEH & 5 77 53 B F RO K ERHHIE

ANTF AL AL PR AR B 5 AR B 3857 20 IR 7 S AEAE I 22 5 (1 5D FEARBR -3
41, 5 CK AL, OM ALHLE Z 2/ DOC. POC # TOC & &, M4 4 130.75%. 78.63%
1 89.97%; [AI, AN+ TN+ AK Al AP & 873 Jll§2 i 25.91% 166.65%- 156.47%H1 31.13%,
pH $2/ 20.05% (P<0.05). NPKO 4b¥ &S DOC. POC fl TOC &, IR 70N
67.42%- 43.34%Fll 35.01%; AN. TN. AK. NHs-N il NO;-N &/ AH4EE 151.72%.
135.16%. 211.37%- 151.72%F01 199.63% (P<0.05). NPKG 4bH E# 4 & AN, TN fil AK %
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&, WIES AN 17.68%. 229.80%F1 203.14% (P<0.05). fEARMRERL35d, OM AbHL T 2% 47
5 DOC. POC Al TOC &, IE5 514 159.76%. 34.53%F1 32.32%; AN F1 NOs;-N & &
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Fig. 5 Soil nutrient content characteristics under different fertilization treatments
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Fig. 6 Mantel test and Spearman correlation analyses between microbial community structure and nutrient factors in rhizosphere

and bulk soils under different fertilization treatments
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Fig. 7 Cluster heatmap of functional composition and ecological guilds of rhizosphere and bulk soil microbial communities under different fertilization treatments
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