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Isolation, identification, and application of plant growth-
promoting rhizobacteria from backcross inbred rice populations
with tolerance to low nitrogen and low phosphorus

ZHANG Xinlei', FAN Yuxin', JIANG Xintong', YANG Yuxi', SHEN Hongyan', ZHUANG Shan?,
WANG Jianheng', LIU Xinyu', BAI Jing®, QI Yanjie', HAN Dongfei'"

1 School of Environmental Science and Engineering, Suzhou University of Science and Technology, Suzhou, Jiangsu,
China

2 Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences,
Beijing, China

3 School of Chemistry and Life Sciences, Suzhou University of Science and Technology, Suzhou, Jiangsu, China

Abstract: [Objective] To isolate and characterize plant growth-promoting rhizobacteria (PGPR)
from the roots of the rice variety YTZ and the backcross progeny H8 with tolerance to low nitrogen
and low phosphorus, and evaluate the potential of PGPR in promoting the growth of rice seedlings.
[Methods] Bacterial strains were isolated by plate streaking and taxonomically identified through
16S rRNA gene sequencing. Functional traits, including phosphate solubilization, nitrogen fixation,
and indole-3-acetic acid (IAA) production, were assessed for strain selection. Whole-genome
sequencing was performed to mine functional genes and elucidate potential molecular mechanisms
of target strains. Pot experiments were conducted to evaluate strain effects on the physicochemical
properties of soil and nutrient (nitrogen and phosphorus) uptake of seedlings, while 16S rRNA gene
amplicon sequencing was employed to analyze rhizosphere microbial community dynamics. In
addition, synthetic microbial consortia and carrier combinations were developed and assessed for
application feasibility. [Results] Seven strains with phosphate-solubilizing and nitrogen-fixing
capabilities were obtained, and their IAA production was quantitatively determined. Five
representative strains were selected for pot experiments. Among them, B. altitudinis Hxx04
exhibited the strongest plant growth-promoting effect, increasing the fresh weight by 47.2% and
plant height by 48.6%, while significantly enhancing nitrogen and phosphorus uptake efficiency of
rice seedlings. Inoculation with Hxx04 led to marked reductions in soil total nitrogen, alkali-
hydrolyzable nitrogen, total phosphorus, and available phosphorus, indicating improved nutrient
uptake by rice plants. Rhizosphere community analysis revealed increased microbial abundance
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following inoculation, which supported the nitrogen supply for seedling growth. Furthermore, a
synthetic microbial consortium centered on B. altitudinis Hxx04 performed optimally when being
inoculated with the carrier combination of bentonite and straw. [Conclusion] B. altitudinis Hxx04
demonstrated high efficiency in nitrogen and phosphorus utilization and significantly promoted rice
growth (evidenced by increased fresh weight and plant height), thereby reducing chemical fertilizer
dependence. Its dual contribution to yield enhancement and environmental sustainability highlights
its potential as a valuable microbial resource for green agriculture, supporting the goal of
coordinating nutrient use efficiency with ecological conservation in rice production.

Keywords: rice growth-promoting rhizobacteria; Bacillus altitudinis; nitrogen and phosphorus

utilization; strain identification; plant growth-promoting effect; green agriculture
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Mlumina K45 B9 MERTE T, 1 H T DA 208
Nanopore xR I AW ING Y. &5
il FHI Pilon Z A ] —A QR 1k — 20 3 21 2 [N
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7t NCBI dls e b B 2 1A . ik LA O™ TAA
o A D RERE R FE AT 41, Linux Shell
(L)Ee4 315 A TBtools (v2. ) EEFE LR, Fiiksh
RESEIA

2H % J5 HL 4R 15 2 4% contigs, H:rf FE contig
KN 3730 917 bp, K contig KN 5 318 bp;
G+C & &2 Wl 41.41% F1 35.95%, H 2 4%
contigs I 4 M & 3K i T A RS R
2 2% contigs, i+ 1 XK R 3.73 Mb, a4
KA FE R4, H ik N50=3 730 917 bp; &
contig I /¥ ¥ & . Illumina - ¥ % % K &
522.76x ; Nanopore “F- 4 8 55 R i 382.22x, K
contig Ml /¥ ¥ B : Illumina V- ¥ & 3% K J&
1 777.24%; Nanopore “F- Y7 T R & 1 540.44%
RN P ER R OR T 1B mT
1.9 WEEEMEDREMWERETIE
xR

Ay BRI A2 K 2-4 mm FOFSFEFIRZIE 1,
B 30 om® 5 FF- 00 + 52 & K I 1R A B 7 2%
&, A 5 mL (ODgoo=1. 0 W, TRAIEHT
JE SEE AL

Wit 3 HA REY R . 7308 Hxx03+
Hxx04 . Hxx04+Hxx05. Hxx04+Hxx10; [a]f}i%
BRI 2 X I IR RERR 4 PP AR,
SR REE A . AR BE AR VRN
IKEEIE , TRl 8 TR S I IR % R BT
T BUTRT 4 G o A W RV S 3R A T R 6
HE, JEEUEE 15 d KRS i A AR S ET T B IE
XA R R MR AT, 1L 2.0 3. 4.
550500 5 HIPATHRR

2 ERE

21 EHFESERE
SR VEE T IER AR . 2MRA . BB
Ja By K R & Bh YTZ (YTZ-1-1. YTZ-L-N.
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YTZ-L-P) e Z AR A . Wl b 38 0% 7K R & b HB
(H8-L-N, H8-L-P), f#iHH R,A. [E{K LB, 1/10
[E 1A LB 8552 B AT R . W04 21 20 PR
FEEEME, MBIk S 16S rRNA F K 4y
Mri A5 3 7 RAiEE Rk, &R G4,
mE 1 Fims.

¥ 7 BRI R IEFT 16S IRNA 5E A 5 91 L xof
J&, T Bacillus 5553 281 16S rRNA A A
16113 38 B >99%, PRI 1 %o O ke i 40 AR 3 1 T R
B. altitudinis strain Hxx04 #7425 RHM . 1F
GTDB (genome taxonomy database) [ W T %,
B. altitudinis W13 3 Mk ——B. altitudinis strain
GR-8, S5 B. altitudinis Hxx04 FE473E R 2H [t
X}, RIS AN {E-N 98.48, dDDH 1§
4 96.70. 5 ANI{E5 dDDH {H ] —# I H 4
TERTRRKT B, RHRXRER, B
TR,
2.2 EHKIREEMLIE

XF IR AR 7 MR AT PR A LI E 4
FIMNFEICHLEE . A PLEE . IR . 2 TAA 7~
A4 ANTREE T TIE, TSt im gl RNk 2
FIiR o
23 EKIZEEMNE

XFUA b 7 AR AR LB 35 5% i £ T A
W, 7 d e R LW I AR SRR AT

®1 ERBAIRRRIR

Table 1 ~ Strain names and sources

Name Origin
Priestia sp. strain Hxx(02 YTZ-1-1
Bacillus sp. strain Hxx03 HS-L-N
B. altitudinis Hxx04 YTZ-L-P
Priestia sp. strain Hxx05 YTZ-L-P
Bacillus sp. strain Hxx07 HS8-L-P
Bacillus sp. strain Hxx09 YTZ-L-N
Bacillus sp. strain Hxx10 YTZ-L-N
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Table 2 Promotion of bacterial strains KRG AR 15 d M I 45 A B
1 2 - 4 . .

Name P or Riosen IART (1 1B), Hooc04 XK BTN kRS A7 ) A £

Priestia sp. strain Hxx02  + + + + ﬂ’ﬁfﬁﬁ ’ *ﬂi%ﬁ%gi j]l] T 47.2%. IEJ Hﬂ‘ , élj:f%

Bacillus sp. strain Hxx03 - + + + %:2 3 E"J%**ﬁié&ﬁj 5 ﬁﬁ%ﬁﬁiﬁiﬁ%i

B. altitudinis Hxx04 + + + + i 48.6% TR AR Hxx04 #H17fR 22505

Priestia sp. strain Hxx05 + + + + 2.5 :t iﬁ et fgﬂé & ;l}w & *E 5 *E Blj_‘ j: g$ 7%

Bacillus sp. strain Hxx07  + + + + 1: A:HIJ

Bacillus sp. strain Hxx09 + + + + SR

Bacillus sp. strain Hxx10 + + + + f# 15d ﬁﬁﬁ*ﬁéﬁﬂiﬁq&% AR T S

o BRI BASRSEIAATENRE S - Fon BUKRERARAL RPrL . RAL, B0
ﬁ%i@ﬁﬁéﬂﬁ%ﬁﬁMAﬁi;m:ﬁ%%mw; S HUE RS W R 2
+: It has the ability to release phosphorus and fix nitrogen or 2.5.1 ﬁﬁiﬁﬂﬁﬁﬁfé j:i%fl,fﬁiﬂ“?@ﬁ?&

promote the production of IAA; —: The phosphorus fixation ARWFFEINE T Fak A g T E P2 A
ability is not solved or the production of IAA cannot be (TN). N (TP). iR (AN). A5k (AP) 4 A

febr, ARG E N R FIIE T30 (8, XHR
ERNE, HEZHEXEEERREIIE R AR, 2502 H A Hxx04 Ttk

promoted; IP: Inorganic phosphorus; OP: Organophosphorus.

PPl it REREWE R 1A FR. 4, FRgRUE 4 FoR.
MG 2R 1 S KRR E S0, AT Y 3R 4 2T T 1 e AL P BT R X L AT

PEHCT 5 BRE AR BN RARIE TS M. 2 AFEE Hxx04 ALK 2H 4 D HEFRAH
¥, 43090 Hxx03. Hxx04, Hxx05, Hxx09. %1 %t RBZH Y945 B W FAAIG, FEIHEE A Hxx04 (1

Heel0. IKFBRLH AR . BRI B R
N B
. . 30.0 ¢
S g 275}
& 10t 2
3 S 250
g gj/\ '
| 3 5 225t
z T
: S >9%0 0 T
=0 g &200r T
S Rt EET - e
: o= 17.5r . .
e z 8
=T T e 5 O150F
Q
§6_ g 12.5¢
- =
& 100

CK  Hxx03 Hxx04 Hxx05 Hxx09 HxxI10
Strain

5 Hxx02 Hxx03 Hxx04 Hxx05 Hxx07 Hxx09 Hxx10
Strain

Ell FREREHREERE=E N RERKFEE KRN

Figure 1 Auxin production capacity of different strains and their effects on rice growth. A: Determination of
auxin concentration of different strains; B: Comparison of rice plant height after 15 days of pot experiment
(dashed line indicates the median value).
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x=3 AFRHERE ERS BREE
Table 3  Fresh weight of aboveground parts of potted

experimental plants per plant

Group 1(g) 2 (g) 3(g) Average value (g)
CK 0.55 0.56 0.49 0.53+0.03
Hxx03 0.60 0.60 0.58 0.59+0.01
Hxx04 0.79 0.77 0.79 0.78+0.01
Hxx05 0.61 0.63 0.66 0.63+0.02
Hxx09 0.66 0.67 0.70 0.68+0.02
Hxx10 0.60 0.65 0.57 0.60+0.03

1, 2, and 3 represent the measured values of three parallel
plants within the same treatment group; Data are presented as

mean+SD, n=3.

252 IRSIRFREEZRN

WK 2A ., 2B fizs, R MR PN AE 4 R AL
i, RS WARPR - BEE B, CK A A$E AR K%
25 L2 o XA W 2 0 e 285 S R AT 4 i &
P, AP Hxx04 55X A ML, Hit
VA ZHEMESEEAHB2ER ., Hip:
A\ Hxx04 A9 2H 51 H3 B %) Z2 R 1 38 v T 5 R

=4 ARARETIREBEAM R

(|’ 2C. 2D), Wil 2E fr7x, A PLS-DA 4341
A, e AT W A 20 2 TR AR — S 22 5
RZEEAEIE R HEN . A& 2F s, BUEvm
XF e A S R A YO Bacillaceae,
A0 & FE Al ik 63.413, Sphingomonadaceae 55
Rhizobiaceae IR Z .
2.6 Z=EEEMNFDH

FHACRIER R B. altitudinis Hxx04 143 A
LN e 45 R AT b, BRI SRR
3.73 Mb, V-1 G+C &l 41.41%. M4 Kk
PREASR €/t 2es e SR EAE-a o I (] S e
2.7 EFDIEEFRE

R4 TH Y BRI DI REMR B, ABFSER ]
JNIRBE P X8 T G B 6 DR EA T D RETE R 5 03
J5, AL 45 FH 1 % R 2 (universal protein
resource, UniProt), U ARIE K 5 FE K 2 A B4 45
(Kyoto encyclopedia of genes and genomes,
KEGG) & KEGG i ¢ £ #i& 2 (KEGG pathway) .
GO (gene ontology). % 1 % Jik B 4 J%E (protein

Table 4 Comparison of soil physical and chemical properties before and after potting

Project Initial value Mean of the control group Mean of the experimental group
TN (mg/kg) 1 650.00+1.50 1 640.00+0.60 1 620.00+3.60
AN (mg/kg) 116.50+0.66 110.37+0.83 105.73+0.25
TP (mg/kg) 570.00£6.50 540.00+5.80 470.00420.00
AP (mg/kg) 17.50+0.06 16.67+0.06 15.10+0.53
A B
Hxx04 R CKR Hxx04 RS CK RS
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C D E
3500 04} ©CKR : .
®CKRS - Adonis
or 5 eHxx04R R:05I;
E - Hxx04 RS = P-value: 0.005
< 8T 2 3000 S T o
g 7 S o.
~E 7 - % g
= ] ~ [
] = N )
=} o <
g | 22500
26 ha GO0
wn 8 =¥
st 5 %
: 2]
Rt 02 0.0 0.2
WO (5 © PCOA 1 (40.2%)
F

f Xanthobacteraceae
f Beijerinckiaceae

f Caulobacteraceae

f _Saccharimonadales
f Azospirillaceae

f Xanthomonadaceae
f_Micromonosporaceae
f _Streptomycetaceae

f Comamonadaceae

f Oxalobacteraceae

f Sphingomonadaceae
f Uncultured

f Rhizobiaceae

f _Intrasporangiaceae

f Clostridiaceae

f _Chitinophagaceae

f SC-1-84

f Gemmatimonadaceae

f Micrococcaceae

f Bacillaceae

0.000 0.456 2337 11.977 63.413
Relative abundance of community

E2 JKFERERFRELOTUs S0 R EMREEER D

Figure 2 Distribution of OTUs in rice roots and rhizosphere soil and analysis of microbial community

differences. A, B: Represent the Venn diagrams of OTUs distribution in rice roots and rhizosphere soil; C, D:
Represent the species richness index and microbial diversity index; E: Represents PLS-DA analysis; F:
Represents the microbial relative enrichment heatmap. R: Denotes root samples; RS: Denotes rhizosphere soil
samples; CK: Denotes the uninoculated control group.

http://journals.im.ac.cn/actamicrocn



1830

ZHANG Xinlei et al. | Acta Microbiologica Sinica, 2026, 66(4)

68

Bacillus aquiflavi 3H-10

Bacillus fonticola CS13

92 Bacillus smithii DSM

92

Bacillus weihaiensis Alg07

Bacillus safensis PgKB20

90

89 92

92 Bacillus pumilus SAFR-032

Bacillus altitudinis Hxx04

92 Bacillus altitudinis GR-8

Bacillus paralicheniformis Bac84

92

72

Bacillus licheniformis ATCC

Bacillus amyloliquefaciens GKT04

92

Bacillus amyloliquefaciens subsp. plantarum

72

87

88

Bacillus halotolerans 7ZB201702

Bacillus subtilis subsp. subtilis

Bacillus cabrialesii TE3

92

92

Bacillus subtilis subsp. spizizenii

Bacillus cytotoxicus NVH 391-98

Bacillus anthracis strain Ames

92 Bacillus cereus FORC 047

0.1

B3 ETE£EEBFTIRBacillusRER BN

Bacillus shivajii JCM

Figure 3 Phylogenetic tree of Bacillus altitudinis Hxx04 and 19 other Bacillus strains based on whole-genome

sequences. The phylogenetic tree was constructed based on the whole-genome sequences of 20 Bacillus strains.

Numbers on the branches indicate bootstrap support values, and the scale bar (0.1) represents evolutionary

distance.

families database, Pfam) . [ &[] J5 45 1 7% B 2
(clusters of orthologous groups of proteins, COG).
TIGRFAMs (the institute for genomic research
protein families). 2 % J¥ ¥ £ #& J£ (reference
sequence database, RefSeq) Al AE TUAY 25 111 7 51 4L
$& % (non-redundant protein sequence database,
NR), FHF X8 78 000 20 £ 6 PR 9047 2 g T B A O3
2. KEGG Z—MH T RGE M ZE 7= W 7e 46
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Ji FF A AR 3T 32 42 (pathway) LR 13 26 5 [R] 7= 1) 1)
REAY LN SCE e . X 3L R4 T KEGG TE B
5, WIEHZ 50 KEGG Rl i 472025,
ghEIR A 4 fiR .
2.8 INeeEREE2EEXS

Hxx04 1Y G5 ) A 32 R 1 8 B &85 2% R
HA & fims . [ R2V/ACH I TAA FSCEEE,
5 R,
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Metabolic pathways

Biosynthesis of secondary metabolites
Microbial metabolism in diverse environments
ABC transporters

Biosynthesis of cofactors

Biosynthesis of amino acids

Two-component system

Carbon metabolism

Quorum sensing

Ribosome

Purine metabolism

KEGG pathway

Cysteine and methionine metabolism

Glycolysis/Gluconeogenesis

Pyruvate metabolism

2-oxocarboxylic acid metabolism

Nucleotide metabolism

Phosphotransferase system (PTS)

Glyoxylate and dicarboxylate metabolism
Pyrimidine metabolism

Glycine, serine and threonine metabolism
Amino sugar and nucleotide sugar metabolism

Peptidoglycan biosynthesis

0 200 400 600
Frequency
El4 KEGGHREE
Figure 4 KEGG annotation.
x5 TheeEEA
Table 5 Functional genes
Function Gene ID Gene name Full name
Phosphorus-solubilizing ctg 02753 phoR Phosphate metabolism sensor kinase
ctg 02754 phoP Phosphate metabolism regulator
ctg 01376 arlR Antibiotic resistance regulator
Nitrogen fixation ctg 02628 nifS Nitrogen fixation sulfur carrier
ctg 00401 glnkK Glutamine synthetase regulatory protein K
ctg 01807 glnA Glutamine synthetase
ctg 02324 norR Nitric oxide reductase regulator
IAA-producing ctg 01019 amiF ABC transporter of multiple peptides F
ctg 00282 amiE Acetylmuramoyl-L-alanine amidase E

http://journals.im.ac.cn/actamicrocn
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2.9 WEBAEMEVEZSHEHAR
KRR TT R A R R . B AT
BT, R A D) B R AR e 1Y) S 15 R B e
AP S A 2P e R A ML, T A4 e
P UETLIR S . = F M a4 mEA
BIPRIK . SRR fE, AR P PRt 3R 4y
MM E 28], e g <H -T2 &K
B 258, O R TR R0 A L AR TR R R AR .
{ff FH U 20 & A O RE VR SR AL TR, HEAT
115 d KRB ARG, 0 R AR AT S K
FEr i I P ke s (11 1B, I AN ) 3k a6k A A
J5 (7K R A T O B B S, B 6 TR, Xt

DL BRI ST A, AR NIE 5 s

i EaREdEA, LA B. altitudinis Hxx04 %
L TR I 3 HH B A AL 20 5 A 908 Hxx04+
Hxx05, #7250 uFAS 5 P 2 i R e £+
FEAF, mIAg R LA = R 5 ) B B A= il 541
3 Wik
3.1 EHRTHES1EE MR

AP E 7 PR EA R . AR
AR, JEXTH™ TAA RE ) #4706 & I 44T

it e 5 AR EAT AR Y T R BEA T 28R K R b
MESEY . FeZCmfE Hxx04 fE/ERE IR R, 4%

=6 TREIFAAFEELIEFKERS

Table 6 Plant height (cm) of rice treated with combination of synthetic microbial communities and different

vectors
Group Vector Synthetic microbial communities Mean+SD Significance
1@ 20 3@ 4@ 5@ analysis
Hxx04+Hxx03 Bentonite 22.0 21.1 21.1 20.9 21.4 21.30+0.43 ab
Straw 21.5 20.4 20.4 20.2 19.9 20.50+0.61 be
Bentonite+Straw 22.7 22.0 21.7 21.9 21.7 22.00+0.41 a
Hydrogel 19.8 19.6 19.9 19.2 19.5 19.60+0.27 cd
No carrier 18.8 18.5 17.8 18.9 20.0 18.80+0.80
Hxx04+Hxx05 Bentonite 22.7 22.5 23.0 21.5 21.1 22.16+0.82 b
Straw 20.6 20.7 20.4 20.7 20.3 20.54+0.18 c
Bentonite+Straw 24.7 24.1 24.5 23.8 24.5 24.32+0.36 a
Hydrogel 20.1 20.0 20.3 20.2 20.2 20.16+0.11 cd
No carrier 19.9 19.3 19.5 19.4 19.8 19.58+0.26
Hxx04+Hxx10 Bentonite 19.6 19.3 19.0 19.4 19.5 19.36+0.23 b
Straw 18.3 18.1 18.5 18.2 17.9 18.20+0.22 c
Bentonite+Straw 21.5 21.7 21.6 21.9 21.6 21.66+0.15 a
Hydrogel 18.2 18.0 17.7 17.5 17.3 17.74+0.36 c
No carrier 17.0 16.8 16.7 17.1 17.2 16.96+0.21 d
Uninoculated ~ Bentonite 15.4 154 15.6 16.0 15.3 15.54+0.28 b
control Straw 15.0 14.4 14.2 14.8 14.6 14.60+0.32 c
Bentonite+Straw 16.6 16.5 16.8 17.7 17.4 17.00+0.52 a
Hydrogel 14.9 14.6 143 14.5 14.7 14.60+0.22 c
No carrier 14.0 14.2 14.5 14.1 13.6 14.08+0.33 c

Different lowercase letters indicate significant differences between treatments (P<0.05), while the same letter indicates no significant

difference.
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Effects of synthetic microbial communities and different carriers on rice plant height. Different

Figure 5

lowercase letters indicate significant differences among treatments (P<0.05), while identical letters indicate no

significant difference.
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