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Bacillus amyloliquefaciens enhances the drought tolerance of oat
plants by regulating the expression of plant growth-promoting
genes

YANG Xue', LI Jianan', WANG Bo', MA Huiyuan', XIE Yongli>’, ZHOU Guoying""

1 Northwest Institute of Plateau Biology, Chinese Academy of Sciences, Xining, Qinghai, China
2 College of Agriculture and Animal Husbandry, Qinghai University, Xining, Qinghai, China

Abstract: [Objective] To investigate the growth-promoting properties and mechanisms of Bacillus
amyloliquefaciens DGL1 isolated from arid sandy soils of the Qinghai-Xizang Plateau on oat
plants under drought stress, thus providing a high-quality microbial resource and a theoretical basis
for developing microbial fertilizers suitable for arid regions. [Methods] The growth-promoting
effects of strain DGL1 on oat root length, plant height, and fresh weight under drought stress were
determined. The degree of cell membrane lipid peroxidation and the activities of antioxidant
enzymes in oat plants under drought stress were measured. The genome and transcriptome of strain
DGL1 were sequenced via high-throughput technology. [Results] Strain DGLI1 significantly
increased the root length, plant height, and fresh weight of oat plants under drought stress. It
markedly elevated the activities of antioxidant enzymes [(superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT)] while reducing the content of malondialdehyde and H,O,. Genomic
analysis revealed that DGLI carried the genes related to oxidative stress (gpx encoding glutathione
peroxidase, opuD encoding glycine-betaine transporter, and aspF encoding alkyl hydroperoxide
reductase), synthesis of the IAA precursor L-tryptophan (#rpA, trpB, and trpC), and flagellar
biosynthesis (FIliP, FliQ, and FIliR). Transcriptome sequencing further revealed that genes
associated with biofilm formation, nitrogen and phosphorus uptake, material and energy
metabolism, and auxin precursor synthesis—all crucial for root colonization—presented
upregulated expression under drought stress. The strain might enhance plant drought tolerance via
these pathways.[Conclusion] Strain DGL1 can enhance the drought tolerance of oat plants and has
great potential for application in developing bio-inoculants for arid land agriculture.

Keywords: Bacillus amyloliquefaciens; oat; drought stress; antioxidant enzyme; plant growth-
promoting properties; plant growth-promoting genes
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CP05539). H FPKM J5 ¥ fiif fe R ik /K ¥, LLIE
W LB B 77 3L 5% 5% () DGL1 A X} B8 (LB), 7&
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ZH(LP), X2 HFEAGAT2EFRRSHT, BEE
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AR EEA
1.7 ERREEEEFE R PCR 74T

R T BIE RNA-seq Zu4, PAZEAHT B g
FEIH 16S IRNA ANSHEN, Pt FAARFFIR 254
A gt N flgC. WAl R O 5 o 5 3 TR
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Table 1 Primer sequences for RT-qPCR

Genes Primer sequences (5'—3)

16S rRNA  Forward: TACGGYTACCTTGTTACGACTT

gene Reverse: AGAGTTTGATCMTGGCTCAG
flgC Forward: CGAGAGCGAAGCAGGTAAAT
Reverse: GCTTCCTGTTCCGTTCATCT
nasD Forward: CGGTGAAACAGTCATCAAAGTC
Reverse: CCCGGAATCGGAAGGATAAA
BglA Forward: ATTGACCCGACCGGTTTAC
Reverse: TGAACCGTCCTCTTCTAATGTG
Pat4 Forward: CGAAGGGAAGAGACATCAATCC

Reverse: TCTTCAGCCAGCATCACATC

Master Mix 12.5 uL, . FU#514(2.5 pmol/L)
% 1.0 uL, DNA f& 4% 1.0 uL, ddH,O 9.5 pL.
PCR JZ W 551 95 °CHUAEYE 5 min; 95 °CALYE
30s, 60°CiEk 30s, 72°CHEfHi 90s, 3£ 354
PEFR; 72 °CCLAEAH 10 min, 457K PCR 43 Hr &
3K, FFARN 2 Rk 272 3k R AR X

PELY i 8

2 BRE54M

2.1 FEMETEH DGL1 X #F4E K<
ST OEAD

W 2 frn, B TohaE i B (R 3G in L RS
i NG eh ) W' S N N (A3 S R S I K i
MeEMAR MK AR, EARRGEAET,
Pk DGL1 ¥ 5 45w T2 iR, 7EJCiia
HRRE I R A AL B2 R K AR T
55.50%. 46.12%. 58.14%; Fiti %5 JPip 30 5 i 11t 434
1 WA 7 =B S 1] (A € 2 W ) S E R B L Y
B Ab B R, B RR DGLI i T
bR, R E 16.54% . 34.89%; fF
BB, BERE DGL1 Bk 7 HeE ke, H
ZERIIAEE., WMETEREENS I, Mk
1) e B0 B 2 BEAIG, RbRE DGL1 1 35 4t i 1 ke
W EEEE, AETCMA . PG . EE e
Ak 3 2H v i Ay O R R T 31.03% . 23.81%.

*2 TEMBTDGLINREREFM
Table 2 The effect of DGL1 on oat probiotic activity

under drought stress

Treatment Average root Average Fresh
length (cm)  plant height weight (g)
(cm)
No stress 7.91+1.13bc 17.90+1.11b  0.29+0.02b

12.304+2.09a 20.86+1.97a 0.38+0.03a
9.41+£0.83b 14.42+1.99¢ 0.21+0.02¢
13.75+1.14a 16.73%1.14bc 0.26+0.03b

No stress+DGL1
Moderate stress

Moderate stress+
DGLI1

Severe stress
Severe stress+tDGL1

5.47+0.82¢ 10.72+0.75d 0.14+0.02d
8.65+1.49b 14.46+0.63¢ 0.19+0.03c

Values are presented as mean+=SD. The letters marked after the
data of different groups indicate the statistical significance

difference markers for that group of data.

35.71%. I, H#k DGL1 fefg e ke 3 16 T
R R AR
2.2 FEMET DGLI1 M4 14 LAY
=210
2.2.1 FEMET DGL1 L&A TS LAY
=]

B T 50 5 SIS I, 3HEE HL0,
T R INWIE IR . FE DGL1 BB
FRERAEE H0, W& i, 7E WA AL I Ho0,
it 662.85 nmol/g FE{IK % 557.07 nmol/g, ¥
ik 7 15.96%; 7€ BE -+ 5 W 38 i 422 F 77
DGLI1, #d H,0, & 1096.78 nmol/g K%
847.11 nmol/g, FEXT 22.76%; £ TR
FhFERE DGL1, #4Z H,0, % 1368.85 nmol/g
F#AIE 2 964.49 nmol/g, F#AK T 29.54% (& 1C).
XU IITE T S0 R R R DGL 3 2 5 %) IR
A A RO by, A B A, Bl
G TR0 B RWIR I, e N
SEHURWHIM A Fk DGL1 BERS 3% %
TR0 F RN 0 &, 72 TChbe 4
HRI TR & DGL1 M FRAS T e N &k, (1
ZESIFR B A BT 5 A0 B A B bk
DGL1, e P9 [ & 1 34.15 nmol/g [&{IK %
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Figure 1

Physiological characteristics of oat seedling growth promoted by strain DGL1 under drought stress. A:

Growth period of strain DGL1 in culture medium; B: Effect of DGLI1 inoculation on plant growth under drought
stress; C: H,O, content; D: Malondialdehyde content; E: SOD content; F: POD content; G: CAT content.
Different lowercase letters indicate statistically significant differences (P<0.05).

25.71 nmol/g, FFAKT 24.71%; FEHE T H0f#%
Pl £k DGL1, e N & 1 46.63 nmol/g
B2 29.53 nmol/g, KT 36.67%. iXifiHE
Tl DGL1 il fi% 28 fiff 1 57 W 360 XF 7HE 22 240 e Jg& ) 9
Yi(E 1D).
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FhTA P& DGL1 B0 Bi2H , 827 SOD & &/ -
THAZE R IR LErp T 5Fbhn R 0F T 4%
FhEfk DGL1, M4 SOD & & 373.18 U/g 14
hnZ 429.65 Ulg, $INT 15.13%; fEEE T5F
S $E R bR DGLL, #EZ SOD & & i
47470 Ulg Hahn & 644.52 Ulg, HINT 35.77%
(Bl 1E). X EWE T 2Mhia T, & EHK
DGLI1 At i e & SOD &k, i T3
Jih 0 R BE NG I, 2 POD & it S BN W
AR, FEARFRLESANT, Wik DGLI
YIRENS g e POD M & &, fECHa b
PE AR R R Bk DGL1, #EF POD & & H
451.33 U/g B4/ % 875.67 Ulg, HHNT 94.02%;
TE B2 T B 08 S5 1 T 4R bk DGLL, 7
POD &l 681.33 U/g H4/% 1 074.00 U/g, 4
T 57.63%; TEEE TS24 FHEFEK DGLI,
JHEZ POD &t 962.67 U/g #9142 1241.33 U/g,
M T 28.95% (& 1F), Fifizg T 5 WE s B 09 A
Wi, M CAT &t R IAE LA TR
e, PEKE DGLI BEf% i F 3G e A2 CAT M
i, TECMAANFRA A TR TR DGLL, M
CAT &1 16.92 pumol/L H4H11 & 26.58 pmol/L,
BT 57.09%; 7E R S E ST HE A
Ftk DGL1, #EZ CAT & 1 20.70 pmol/L 1
JnZ 27.20 wmol/L, 4T 31.40%; fEFEET
AR R E bR DGLL, e CAT &
14.96 umol/L % fil & 18.34 pmol/L, 34 fil T
22.59% (&l 1G)s
2.3 ERLENFRBRNGEERE T
2.3.1 EFBAHIEARBHE

DGL1 Mg fafh—4514 3 915 550 bp (3R
TEghtl, FEHE A G+C &l 47.27%, T
Fhg LA 3 972 A, JESAK A 3 483 438 bp
(E 2), K GO. KEGG H1 COG Bk 2 % 4 74
e DA B AT PR R, Aol iE B E 2 926,

2160, 2970 I 4ifih3EH . DGL1 HH 4 )75
% NCBI, #3554 CP05539,
232 iEMEXINEEE R

W M R, DGL1 EAT AL
FHOCHEE DN, A4 2 e H i 4804 0 it 2 it 5 1A
gpx. Bt AL IR IR B R ASIE ) ahpF . 14
e Z B A IE R katE, 1 B3 PR 45 A0 A 2 1 I
YRR AR R iE BRI, RERSHS B DGL1 2% &
FH R A4 1 . H =R E SR L iz
SRS SER OpuD BERETHS BhZH PR DA A 25 7 1%
WA SOk AE R 1 B E T, LR B
A OB IVA ) SIE RS (1 Y Y v A a R o s N
H gt LA espd . PR 8 8 A A% 3L A HipG,
X L L KA A7 A BE TS Bl B bk DGL1 B - b 34 )3y
ANER AR, 400K P450 St ILN phsS REMS
T B 20 oh 5 A A R AE TR I, HLA B
Peftpe s . 4ERPA TS EEEM . A, DGLI
FERH I BA WAG RS BUAHDCHE D, B N1-2 1%
SRS B IE N speG K VARG A T 2 i L X
spek
233 REHEXER

DGL1 A G831 15 5 TAA & BUA e i 24
Foigmit, RHFETETREWaTMARK
KB . RN, FEEHK DGL] Hifiigs =5
IAA HIR SR A N gRtiS 3L N, 36 opd (8
AR AW o WH) . opB (R BR A U B L
LY. trpC (WIWe-3-HIMBERR & Bl . orpD (RPA
SR RN NE) . opE (AP FEAHTR
G . trpF (BEFRAZHE SR IR T R A ) |
rpS (LA TR-IRNA iEH ). 5ok, BIMEZH0
ARG W TAA BRI ZA- gt LN, An7E IpyA
(5 e PR Rl T s 8 H i 3 3] 25 | e A Rl T 22
S5V P Tt R L P T AR 3 e 2 35 e il i ) R TR
patB. biod, VhXTE TAM (k) igfeh 256
R PR N ) 5 ¥R T 2 B JE [ padC. yelB;
[, 7E IPyA 342 A1 TAM & 42 A i 1k 5] g
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A: RNA processing and modification
B: Chromatin structure and dynamics
C: Energy production and conversion
D: Cell cycle control, cell division, chromosome partitioning
B E: Amino acid transport and metabolism
B F: Nucleotide transport and metabolism
m G: Carbohydrate transport and metabolism
H: Coenzyme transport and metabolism
m [: Lipid transport and metabolism
J: Translation, ribosomal structure and biogenesis
K: Transcription
L: Replication, recombination and repair
M: Cell wall/Membrane/Envelope biogenesis
N: Cell motility
O: Posttranslational modification, protein turnover, chaperones
M P: Inorganic ion transport and metabolism
W Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only
S: Function unknown
T: Signal transduction mechanisms
U: Intracellular trafficking, secretion, and vesicular transport
B V: Defense mechanisms
B W: Extracellular structures
B Y: Nuclear structure
MW Z: Cytoskeleton
W 16S rRNA
B 23S rRNA
H 5S rIRNA
B tRNA

E2 CircosEFHEE

Figure 2 Circos genomic circle diagram. The outermost circle of the circular map indicates the genome size;
The second and third circles represent the CDS (coding sequences) on the positive strand and negative strand
respectively, where different colors correspond to different COG (clusters of orthologous groups) functional
categories of the CDS; The fourth circle shows rRNA (ribosomal RNA) and tRNA (transfer RNA); The fifth
circle represents the G+C content.

W3- S GRS 3L N aldX . dhaS; 7 TAN
(W51 PR -3- ) 3 A2 v i 32 1 I ARl 3 T phe X
TEAE (0 208 AR 4 448 v O 128 381 (5 2 IR & T e 7%
ML ysnE
234 EFEHEXEE

DGLI1 A] GEid I8 iAW) R oy e X 1 52
JihiE B HRPTRE 7T o WESE &0 DGL1 Y B K 2 47
1 48 M5 AMEE AR SE N, G HEE
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Table 3  Filtered reads quality statistics

Sample names Raw reads Raw Q20 (%) Raw Q30 (%) Clean reads Clean Q20 (%)  Clean Q30 (%)
LBI 23 663 774 97.89 94.40 23 486 790 98.21 94.85

LB2 22515572 97.92 94.49 22 344 858 98.25 94.95

LB3 22 665 050 97.90 94.39 22498 388 98.23 94.85

LP1 21 062 896 97.78 94.18 20 876 862 98.16 94.72

LP2 23 555 686 97.97 94.64 23370 582 98.30 95.12

LP3 23 641 926 97.71 94.07 23360 338 98.13 94.62

LB represents strain DGL1 cultured in LB normal medium (control group), LP represents strain DGL1 cultured in LB medium

containing 15% PEG-6000 (drought stress group), and each treatment group was replicated three times.
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Figure 3  Statistical analysis of differentially expressed genes (DEGs). A: Gene annotation result diagram; B:
Box plot of gene expression levels; C: Volcano plot of DEGs (differentially expressed genes), where the abscissa
is the fold change of expression, the ordinate is the P value, red dots represent significantly up-regulated genes,
yellow dots represent significantly down-regulated genes, and gray dots represent non-significant genes; D: Upset
plot of differentially expressed genes, with red representing up-regulation, blue representing down-regulation, and

green representing the total number of differentially expressed genes.
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Figure 4 Functional classification analysis of differentially expressed genes (DEGs). A: KEGG functional
classification between the drought stress group (LP) and the control group (CK); B: GO functional enrichment
results of DEGs; C: GO functional classification result diagram; D: qRT-PCR.
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Table 4 Differentiation-promoting genes

Metabolic
pathway

Genes

LB vs. LP

Biofilm synthesis

Nitrogen fixation

Phosphate-
specific transport
system

Pentose
phosphate
pathway

Organic acid

Genes encoding basal body rod structure proteins (FigB, FilgC), and genes encoding flagellar
biosynthesis proteins (FIiY, FliH, FliG, FliF, FIiE, FliJ, Flil); Cellobiose transporters;
Subcellulase family glycoside hydrolases; 6-phospho-p-glucosidase; Sucrose-6-phosphate
hydrolase

Synthesis pathway genes encoding nitrate transporter (NarK), genes encoding nitrate
reductase (narG, narl, narH), gene encoding nitrite reductase (nasD), gene encoding nitrite
reductase (nirB)

Pst-encoding genes (PstA, PstB, PstC); Phosphate ABC transporter-encoding gene (PatA)

Hexulose-6-phosphate isomerase-encoding gene (4c/B); NADP-dependent gluconate-6-
phosphate dehydrogenase-encoding gene (gndA); Hexulose-6-phosphate synthase-encoding
gene (hx/A); Gluconate kinase-encoding gene (gntK)

Aspartate kinase-encoding gene; Histidine dehydrogenase-encoding gene (%isD); Serine

Up-regulated

expression

Up-regulated

expression

Up-regulated

expression

Up-regulated

expression

Up-regulated
expression

metabolism hydroxymethyltransferase-encoding gene (glyA4)

pathway

Tryptophan Cytochrome P450-encoding gene

metabolism

pathway

Glycolytic NADP-dependent alcohol dehydrogenase-encoding gene; Dihydrolipoyl dehydrogenase-
pathway encoding gene (ipdA); 6-phospho-B-glucosidase-encoding gene (licH);

6-phospho-B-glucosidase-encoding gene (bglA)
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expression

Up-regulated
expression
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