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Abstract: [Background] Endophytic bacteria play an important role in crop growth, development and
stress tolerance. In this study, an endogenous bacterial strain Pseudomonas moraviensis GF-55 was
isolated from maize. [Objective] To analyze the role of GF-55 in the growth and lodging resistance of
maize. [Methods] Pot trial was conducted to analyze the role of GF-55 in the growth of maize seedlings
and greenhouse trial to study the lodging resistance of maize after GF-55 inoculation. [Results] The pot
trial results showed that GF-55 treatment increased the height, dry weight, and fresh weight of maize
seedlings by 43.47%, 26.67%, and 82.44%, respectively, compared with the control. Furthermore, it
increased the dry weight, fresh weight, length, volume, surface area, and mean diameter of maize root by
231.25%, 96.42%, 141.68%, 46.51%, 37.07%, and 52.38%, respectively. The strain had the
indole-3-acetic acid (IAA) production, siderophore relative content, and phosphorus-solubilizing ability
of 30.88 pg/mL, 50.20%, and 58.43 mg/L, respectively. The greenhouse trial demonstrated that GF-55
treatment significantly improved the stalk resistance of maize after the silking stage. Specifically, GF-55
treatment increased the stalk puncture, bending, and crushing strength of maize by 15.78%, 55.83%, and
33.71%, respectively, compared with the control. After GF-55 inoculation, the hemicellulose, cellulose,
and lignin content in the stalk increased by 10.56%, 2.91%, and 48.01%, respectively. [Conclusion]
P. moraviensis GF-55 promoted the growth of maize at the seedling stage and enhanced the lodging
resistance after silking stage. It has important application value in maize growth promotion and lodging

resistance and provides theoretical support for the development and utilization of this strain.

Keywords: maize; endophytic bacteria; growth promoting; lodging resistance
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0.0050

60| | Pseudomonas moraviensis TPD3001 (MH1900531)

98 _’7GF~55 (OL469795)
100 Pseudomonas koreensis Ps9-14 (NR025228.1)

Pseudomonas moraviensis CCM7280T (AY970952)

100! Pseudomonas moraviensis strain IB4 (NR0433141)
Pseudomonas brassicacearum DBKII (NR024950.1)

100

99

Pseudomonas fluorescence strain IN21 (MT066068.1)

Pseudomonas extremaustralis 14-3T (NR114911.1)
ﬁLEPseudomonas poae DSMI4936 (AJ492829.1)
96

Pseudomonas simiae OLIT (NR042392.1)

1 E# GF-55 £F 16S rRNA £2EFFIMENRFELZER

Pseudomonas putida NRBC14164T (APO13070.1)
Pseudomonas aeruginosa JCM5962 (KX946966.1)

5 B P 5 KR E ) 16S rRNA FE

NP AT 03 FRVBCT R0 KA P SERRE s 20 SO ERBCPFOR BERE, AR RFIZI B
PRI 70 SR
Phylogenetic tree of strain GF-55 constructed based on 16S rRNA gene sequence. The serial number in

parentheses indicates the 16S rRNA gene number of the bacterium; The number on the branch indicates the
reliability of the branch structure; The scale and scale represent the length of the branch in the evolutionary tree.

Figure 1

%1 GF-47-GF-66 SEX E KX BHEIR A ZISFRA M

Table 1 The effect of GF-47—GF-66 strains on the root system indicators of maize seedlings
Btk BK P EAR (LS EQUEA

Strain No. Total root length (cm/plant) Average diameter of root (mm) Root volume (cm’/plant) Root surface area (cm*/plant)
GF-47 144.71+3.20f 1.08+0.08fg 1.48+0.07bcde 51.58+3.93defg
GF-48 168.71+0.57d 1.21£0.08cde 1.51£0.15bcde 59.25+2.34bcd
GF-49 165.16+1.90d 1.08+0.01fg 1.56+0.02bcde 55.77+3.19bcde
GF-50 103.91+1.80j 1.29+0.08¢ 1.76+0.27bcd 50.51+4.02¢fg
GF-51 126.74+1.25h 1.26+0.10cd 1.56+0.23bcde 53.10+1.33cdefg
GF-52 137.14+1.89g 1.15+0.07defg 1.53+0.03bcde 49.89+5.85efg
GF-53 150.66+2.43¢ 1.17+0.09def 1.51+0.31bcde 51.33£1.25¢fg
GF-54 133.59+2.06g 1.15+0.03defg 1.76+0.05bcd 54.66+3.35bcdef
GF-55 201.92+1.37a 1.60+0.06b 2.52+0.16a 67.37+£1.47a
GF-56 128.03+1.15h 1.05+0.03¢g 1.46+0.15bcde 51.70+4.62defg
GF-57 119.08+6.94i 1.78+0.01a 1.90+0.32b 57.17+1.43bcde
GF-58 142.4442.11F 1.08+0.07fg 1.19£0.19¢ 46.99+2.14fg
GF-59 154.30+3.18e¢ 1.15+0.04efg 1.45+0.30bcde 52.114+6.33defg
GF-60 193.71+4.83b 1.55+0.03b 2.67+0.20a 60.56+4.29bc
GF-61 151.73+1.49¢ 1.55+0.02b 1.35+0.26cde 54.92+5.36bcde
GF-62 143.26+2.54f 1.20+0cde 1.3140.25de 55.75+1.39bcde
GF-63 143.1+£2.43f 1.10+0.05efg 1.37+0.38cde 54.27+6.73bcdef
GF-64 133.2942.01¢g 1.21+0.01cde 1.39+0.30cde 52.38+3.35defg
GF-65 164.55+0.70d 1.06+0.03g 1.47+£0.41bcde 54.73+£5.51bcde
GF-66 184.83+3.93¢ 1.75+0.07a 2.57+0.31a 61.59+3.28ab
GF-ZJ 116.15+£2.01i 1.11£0.11efg 1.80+0.31bc 49.85+5.07¢efg
CK 83.554+3.73k 1.05+0.01¢g 1.72+0.01bcd 46.23+0.87¢

TE - ANTR/ING T E 2R AN ) B A B 0T B ) 22 57 o

Note: Different lowercase letters indicate significant differences between different bacterial solution treatments and controls (P<0.05).
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&2 GF-47-GF-66 SEMEXREHEE. RSN TEZI
Table 2 The effects of GF-47-GF-66 strains on fresh weight, high strain and dry matter in the maize

seedling period

WG S AR fif i fif 7 73 [t A
Strain No. Root fresh weight Fresh seedling Plant height (cm) Seedling dry weight  The root dry
(€)) weight (g) (€)) weight (g)
GF-47 0.46+0.08cde 1.78+0.04gh 34.3342.08fg 0.16+0.01bcde 0.02+0.01de
GF-48 0.48+0.06bcd 2.34+0.11b 45.06+1.70abc 0.13+0.02¢fg 0.04+0.01bc
GF-49 0.42+0.06defgh 2.16+0.06¢ 43.10+3.57abcde 0.12+0.02fg 0.03+£0.01cde
GF-50 0.32+0.04ijkl 1.65+£0.05h 34.86+2.53fg 0.13+£0.02defg 0.02+0.01e
GF-51 0.25+0.041 1.87+0.05fg 38.73+6.47def 0.15+0.03cdefg 0.03+0.01bcd
GF-52 0.39+0.02defghi 2.06+0.05cde 44.00+1.67abc 0.13+0.03defg 0.03+0.01cde
GF-53 0.36+0.06ghij 1.90+0.05fg 44.96+0.85abc 0.1120.02¢ 0.03+0.01cde
GF-54 0.37+0.04fghi 1.93+0.04ef 39.66+7.15bcdef 0.12+0.01fg 0.03+0.01cde
GF-55 0.55+0.04ab 2.39+0.02ab 46.63+2.03b 0.19+0.02ab 0.05+0.01a
GF-56 0.32+0.021jkl 2.05+0.04cde 37.66+1.04efg 0.15+0.03cdefg 0.02+0.01e
GF-57 0.29+0.04jkl1 1.72+0.11h 39.46+5.50cdef 0.17+0.03bcd 0.02+0.01de
GF-58 0.424+0.04defgh 2.17+0.06¢ 42.26+1.81abced 0.14+0.02cdefg 0.02+0.01e
GF-59 0.454+0.04cdef 2.07+0.08cde 41.66+0.31abced 0.14+0.01defg 0.02+0.01de
GF-60 0.59+0.03a 2.49+0.08a 45.42+1.40ab 0.21+0.03a 0.04+0.01ab
GF-61 0.47+0.05bcd 2.17+0.03¢ 41.33+3.45abcde 0.16+0.02bcde 0.02+0.01e
GF-62 0.4440.03cdefg 2.13+0.13cd 45.06+1.64abc 0.15+0.02bcdef 0.02+0.01de
GF-63 0.4140.05defgh 2.07+0.17cde 42.86+2.03abcd 0.14+0.01cdefg 0.03+0.01bcd
GF-64 0.37+0.05efghi 1.89+0.10fg 38.60+0.66def 0.14+0.01cdefg 0.03+0.01bcd
GF-65 0.41+0.03defgh 2.15+0.09¢ 43.03+0.85abcd 0.14+0.03cdefg 0.03+0.01bcd
GF-66 0.524+0.03abc 2.39+0.05ab 47.03+1.32a 0.18+0.01abc 0.05+0.01a
GF-ZJ 0.344+0.03hijk 2.00+0.08def 41.88+1.40abcd 0.16+0.02bcde 0.03+0.01bcd
CK 0.28+0.04kl1 1.31+0.08i 32.50+2.11¢g 0.15+0.02cdefg 0.02+0.01e

FE s ANR/ING TR R AN ) B AL BT B ) 22 57 o 2

Note: Different lowercase letters indicate significant differences between different bacterial solution treatments and controls

(P<0.05).

10 BROEAE SR M B REIEAT T 55 b Ak
B (F 3 MK 4), 45 58— ain s
REAMFE R, XU GF-55 AU
THE ., WERmBEAER, mERRPNTE
BRI,
23 GF-55 SEHREREYR

PE— AR S P AR GF-55 4 A=
PEAFRES, R S ME 6 nlH, TKREREE
GF-55 AbHR FoARm 22 AR . MRERmA . R
S35 AR AR AR 43 S BRI N T 51.52%

41.54% . 36.86%H1 32.08%; H & H kL Ak fif
I IBEHN T 47.33%F0 19.59% ; AR T 5 AR AL T
BRI T 47.33%F1 24.53%; Bk
25.59%. XUt E Mk GF-55 e & PRk B A
RAF IR AR ROR .
2.4 EBIRETT IAA. BRI ESEMEED
Wi e E TR, Wk GF-55 )R RE
F1i5%) 58.43 mg/L, TMiE Mk GF-57 [fgwkae
9 12.08 mg/L (£ 7), FrLABVE GF-55 B0k
RE 1R TEE GF-57 14 4.8 %, ToHLis 5 WLk
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Table 3  Effects of 10 strains of bacteria on fresh weight, plant height and dry matter of maize at seedling
stage (pot of the second batch)

TR G HiTE 3 R H e i T M ff
Strain No. Seedling dry Plant height (cm) The root dry Fresh seedling Root fresh weight (g)
weight (g) weight (g) weight (g)
GF-48 0.11+0f 40.27+0.92b 0.03+0d 2.20+0.08bc 0.40+0.01cd
GF-49 0.09+0g 39.27+0.98b 0.02+0e 2.10+0.06¢cd 0.40+0.02¢
GF-50 0.12+0.01e 31.00+0.84¢ 0.02+0f 1.58+0.06f 0.29+0e
GF-55 0.20+0.01a 42.17+1.51a 0.05+0a 2.29+0.04ab 0.45+0a
GF-57 0.13+0d 36.17+0.56¢ 0.02+0f 1.66+0.03f 0.28+0e
GF-60 0.15+0c 40.50+0.91ab 0.03+0b 2.42+0.08a 0.45+0.01a
GF-61 0.13+0.01d 39.07+0.51b 0.02+0f 2.10+0.06¢cd 0.43+0.01b
GF-62 0.13+0d 40.47+0.92ab 0.03+0d 2.04+0.04de 0.39+0d
GF-Z] 0.18+0.01b 39.57+0.03b 0.03+0c 1.92+0.06¢ 0.26+0.01f
CK 0.15+0c 33.1+1.64d 0.02+0g 1.21+0.05¢g 0.21+0g

T ASRVING T RER R AN [7) 5 Ak BRG] 22 53 W 2%
Note: Different lowercase letters indicate significant differences between different bacterial solution treatments and controls
(P<0.05).

R4 10 HKEXMNEREHRARAZHEROZMWE ZMEHK)
Table 4 Effects of 10 strains of bacteria on root indexes of maize at seedling stage (the second pot)

[k TR JSSN LNENGA HE T R AR
Strain No. Total root length Root volume Root surface area Average diameter of root
(cm/plant) (cm®/plant) (cm?/plant) (mm)

GF-48 166.78+0.58¢ 1.31+0.05f 57.72+2.28bc 1.14+0.06¢
GF-49 163.13+1.93¢ 1.33+0.05f 54.11+2.28d 1.04+0.02f
GF-50 102.06+1.76g 1.53+£0.01e 48.87+2.03¢ 1.21+0.05d
GF-55 200.13+1.34a 2.22+0.03b 65.46+2.12a 1.55+0.05b
GF-57 117.34+1.12f 1.77+£0.02¢ 55.66+1.30cd 1.65+0.03a
GF-60 191.90+4.9b 2.50+0.11a 58.85+£1.92b 1.49+0.02b
GF-61 149.85+1.53d 1.26+0.06fg 53.10+0.26d 1.51+0.05b
GF-62 141.50+2.57¢ 1.19+0.04¢g 54.85+1.02cd 1.40+0.05¢
GF-ZJ 114.11£1.94f 1.66+0.05d 48.07+0.25¢ 1.07+0.03f
CK 81.59+3.70h 1.52+0.04¢ 44.03+£1.31f 1.04+0.02f

TE: AN/NG TR AN ) T AL A B ) 22 S5 3%
Note: Different lowercase letters indicate significant differences between different bacterial solution treatments and controls
(P<0.05).

&5 GF-55 SEMEERRLTLEIRAZIBIFNZIT
Table 5 The effect of the various indexes of the corn toast root system in the greenhouse of GF-55 strain

545 Index GF-55 CK

B K Total root length (cm) 2 074.98+47.07** 1369.47+51.29
HFH B 4% Average diameter of root (mm) 3.61+0.07** 2.64+0.02
AT Root volume (cm’/plant) 23.00+0.85%* 17.41+0.04

KL 22T #H Root surface area (cm*/plant) 745.96+30.68%** 527.04+13.41

TE: f*e TRAL A IR ) A 25 22 5

Note: **: There is a significant difference between the treatment and control of bacterial fluid.
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* 6 GF-55 SHWEREEKRMLEHE. e
MTFENEN

Table 6 Effects of GF-55 strain on fresh weight,
plant height and dry matter of corn during silking
stage in greenhouse

845 Index GF-55 CK

FREETE Root fresh weight (g) 18.00£0.26%*  12.22+0.27
AR R A 167.22+8.02%*  139.83+6.35
Plant fresh weight (g)

¥R Plant height (cm) 142.33+2.51%*  113.33+1.53
FE#R T Plant dry weight (g) 22.52+0.32%*  18.08+0.11
MRTHE 3.12+0.10%*  2.12+0.09
The root dry weight (g)

ek RRIRURI RE R A AR R 2 R
Note: **: There is a significant difference between the
treatment and control of bacterial fluid.

%= 7 GF-55 %1 GF-57 SHE = IAA. fREEFIEER

=1
E==C)

Table 7 GF-55 and GF-57 strains produce [AA,
phosphorus and ironophilic content

#5475 Index GF-55 GF-57
IAA P 30.88+0.63 38.60+0.52
IAA production (png/mL)

i 58.43+2.65 12.08+0.21
Phosphate-solubilizing (mg/L)

W&k 2 A 7 & 50.20£0.77 30.50+0.53

Relative ferritin content (%)

P F i B ) AR LUK, S I TR 7 ol FE )
58, KK GF-55 X oAU -5 LIk fig 85 6k
BEARHAY N 3.4 F1 5.0, T E Rk GF-57 Xt JCHL
S VLBE R BERE ) BAR L5 1.4 F1 0
(3% 8), Fr LItk GF-55 B9A MLBk i ms At 11 2
Pk GF-57 19 2.4 %, XUiB] GF-55 B MERE

WERFHEK GF-57. W] Wk GF-55 25
A TiRe) Iz, (R LA i T ML A A AL Y
AeJ1, HATHGRMMBERE ) .

L WO E T TR bR GF-55 R Bk
GF-57 F=REERZ AR & 5, WMk GF-55 j=ig
BREBHXT SRR 50.20%, EHEE GF-57 N
30.50%, BFE GF-55 P74 K AT & & A
Pk GF-57 1 1.64 £ . FIH Salkowski Fb ik
322 o R €0 S R A B TAA BYRE S, AR O
Y R AU IR B B BR GF-55 724 TAA &N
30.88 pug/mL, Fkk GF-57 )4 38.60, [ £k GF-55
A TAA MR B T RIbE GF-57, (HZE4A Lk
Fe bR ] WL R GF-55 {2 R8T fmni, Jr LA ik
FE R GF-55 4715 25 (3R 7).

2.5 GF-55 R ERKBMREH SR

TE 5K I 22 1 J %o BE 4 ) KA iR 25 %
S} 90%, TR GF-55 AbBRAL A& H BLEILR, T
RS FRA T BRZH K . LTSS 1-7 5 IZEFF
J1EEAER (B 2025 Rk F , Wtk GF-55 Ab3HZH Y
B1. 20 30 6. 7 AR ORI 2 v TN A
H, 43BN 55.83%., 9.75%. 15.82%. 3.92%.
37.63%, Btk GF-55 ZbHIH NS 1, 2 2586757
IR B A 0T PR AT J 2 25 5 A0 UG 15.78%
30.91% (& 2B). Mtk GF-55 AbHZH 5 1, 3,
4. 5. 6 ZEFF EmEm B 2w T AL (& 20),
Ay BIEEAN 33.71% . 9.18%. 7.70%. 14.35%.
17.18%. BRI #E GF-55 XFZ5FF 724 R 5 il 14 5t
FF oAy e 5 iR > S AR i B> 2 ol 5

%8 GF-55 0 GF-57 SEX LA BN 55 B0 RS &2
Table 8 Phosphorus-solubilizing ability of GF-55 and GF-57 strains to inorganic phosphorus and organic

phosphorus
¥k%i*5 Strain No. BEFhE Phosphorus type B ¥5 EHAS D (mm) BB HA d (mm) HYE EHAL/E W B EHAE D/d
GF-55 Inorganic phosphorus 12.6 3.7 3.4
Organic phosphorus 16.2 33 5.0
GF-57 Inorganic phosphorus 16.6 12.2 1.4
Organic phosphorus 0.0 0.0 0.0
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E2 BEHRGF-55WMEXKE1-THEHFHEST A THhRE,; B: FHBRE; C: JERERE, **.

FREEZER, ns: LEEER

Figure 2 Strain GF-55 analysis of the mechanics of corn 1-7 stalks. A: Bending strength; B: Puncture
strength; C: Crushing strength. **: Significant difference; ns: No significant difference.

PE— X HRR GF-55 b BRI BE () 25 FF
YR PR FRTR E E o KB,
Wk GF-55 AbHRA) FOKFEFFHRTTER | feF4
RN Y2 )5 5 LU R 53 T 48.01% .
10.56%711 2.91% (% 9).

*9 Bk GF-55 WREEREFESHIZN
Table 9 The effect of strain GF-55 on greenhouse
maize stalk components

F8F5 Index GF-55 CK

212 K Hemicellulose (%) 23.24+0.04** 21.02+0.05
2142 Cellulose (%) 31.77+£0.04** 30.87+0.03
AR # Lignin (%) 14.89+0.02** 10.06+0.02
e R TRVRAL AT IR A R 2

Note: **: There is a significant difference between the
treatment and control of bacterial fluid.

3 WwE5E®

Nezarat 551" % PR [ 20 082 1 ) {15 B0 g 7R
JE TR RE I T B oK M R RIS AR T
F . OERLE AR T4 Martins PR
TR RN A R S N A TR R B OR AR KR
P UEVE 4R ORI =0 sk R r
PR ) 1 A TR0 T DK A R e AR TRTER 38 im 7
RIFERL; Lally YRS GIRAME F113
F 10 A~ AN [7) B AR 2 18 1% P A TR 7 H (] i
MRMAERK AT . AWM 20 Bk E KA R
HRE AR 2] T — MR A ORI AR GF-55
(P. moraviensis), HXF E KBRS . mhmE AL,
AR E T E A B R, Hrh oK
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FIAR T et B s 3.3 5, XefEAEfEH
SR R R T A, AT
fRAERHCAH KRR, mEENIMEE K
s F ST T A8 B X A 0 AR A A B A S AL
B, R BUIX B RA Bk — T E A W A A A A
KR IAA T EARREAEY AR KT, 55—
5 THT 3 ) B Bk 2R RN A FH A A A 4 i 2]
W ) K fe O R S it oc R gk il [wEAb
W5 Jiménez-Gomez Z5 & PRI SR Bt 1 1
fRAEE R S ARk . R . (R A
AT 4 AT K5 Zarei SEHESE K IR
P P1. P8 2 =y A PR M AR 58 AR 1 ™ i 4 1l 5
WERE 1 ANkl = A o0 [ P RS 3 1ot
SE AT T AR AL AR FE AR, Bl . REF
w1 ZEUSTL K A OE 26 PRI T 1Y) TAA A 1
19.97 mg/L; R UE TN 55 & SR SR TE - i kR
R 61.17%7 5 5205 & B PR TR A ol
K 24.5 pg/mLPY, ARWFFEE N GF-55 (5T
R, HFrPEAER) TAA . REEFIRE LK E R0
M4 30.88 pg/mL. 58.43 mg/L Fl 50.2%, 5 I
TS RAM L, &P GF-55 HAT #% H f#
W RE 1 FA = 77 TAA RE

AT TR E A A R & B GF-55 i
() K AE I 22 0K I B TG EAR B4, T A it
GF-55 By R KRR B BUEIL, 1 B & A ER 5
FORMIRRFFA B MERE, {H GF-55 ZbFEAY £ oK E
AERK MR, ZINE R GF-55 NMUZEi#FA
KB, i AR T EKRR AT AP
REeTro FARBYEUR P PIRIERL. —F R
MAERKEARFEARE, B—hhEER A%
FEE5 BT, ARSI R W, MR
RMZEPr R GRS . bR . B & AR
ABCEIEME, H2EH, R ABZEFT )12
(CEFF 028 50 5 T DR 38 R P R i ) 22 £ A
Ko FH, ZFFMEHHA G IR .
2 N N[l b= A S R E TR RN

PRS0 o Yl 2 43 O i ZE AT O R A il g
BRI R B MG, REEMA D
T EBUAAK TR R R R BT
JERE) & B & IFE A Kamran 294 % BK R
R RM S FOREIR R B ARG, K2R
FF 15 R AR FIR BT 22 % e 4t e A B T ik oK
PR EE ST . B RR GE-55 Jiti i vl 384 fin £ ok =5
FEHRAERS 1-3 W iSRS, X SehiEIR )2
FEAR 3G A AT R 5 R BT 2R 19 1% & A0 B
T 48.01%F K. Fsh, LWtk GF-55 AbFERY £
DRI BRI N T 51.52%, X 58X B 4548
RAR AR ZR T FL A2 IR K 5 3R 2 i
IR FNPUENR I = ORI A — 200 A s
T A 5 3 it 2R P R R i P B e A U TS
B HE FOKZEAFHIRT IR T, B BRI
KHMLEC(E, SR m kP ZE Bk AE 111 Hit,
FATHEWTE R GF-55 A Al REfLHFAR R i% J1 04
. WIMAE IR L TR AR &, IR 43 (W
W, dEmfe it Bk T ML R AR
M5, s bbb AR ZE A HTEIER RE T .

Zr BTk, AR E T —HRMNEK B
B AR SRR A (P. moraviensis) GF-55
HLAG AR K A R T R i R oK 22 1)
JE MPTER I RE . nk 221 5 (BT AR BE 1 AT RE
S GF-55 fie i T RTE i B iU IR AR ZR
HE RS 205 7, dE e o 1K 25 ) 2 ek
AT AR T 8A K, AR MEE
KR v A FH A 26 T8 0% SR A B T i ok oK
g R P ER R, A T AL A O
FFF R, RT3 R oK) s AR P Rl A
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