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Isolation, whole genome analysis, and plant growth-promoting
effect evaluation of endophytic Acinetobacter baumannii J-7
from rice grown in soda saline-alkaline soil

SHANG Zilin', WU Jianhong', LI Yang?, BI Shaojie'", WANG Yanjie'"

1 Heilongjiang Provincial Key Laboratory of Environmental Microbiology and Recycling of Agro-waste in Cold
Region, College of Life Science and Biotechnology, Heilongjiang Bayi Agricultural University, Daqing,
Heilongjiang, China

2 Dagqing Agricultural Technology Extension Center, Daqing, Heilongjiang, China

Abstract: [Objective] To screen and identify an endophytic bacterial strain with plant growth-
promoting effects on rice from the stem of rice grown in the soda saline-alkaline soil in Daqing
City, Heilongjiang Province and explore its plant growth-promoting effects and related genes, with
a view to enriching and utilizing the endophytic microbial resources of rice. [Methods] An
endophytic bacterial strain was isolated from rice stems via the dilution coating method, and the
strain was identified by morphological observation, physiological and biochemical tests, and 16S
rRNA gene sequencing. The mechanisms underlying the plant growth-promoting effects of the
strain were deciphered by Illumina sequencing of the whole genome. antiSMASH was used to
predict the synthetic gene clusters of secondary metabolites. The plant growth-promoting
performance of the strain was evaluated by promotion performance, rice seed germination, and
seedling cultivation tests. [Results] An isolated endophytic bacterial strain of rice was designated
as J-7, and the strain was identified as Acinetobacter baumannii by whole genome sequencing and
ANI analysis. The strain was a mesophilic bacterium with an ODgyy value of 0.679 at pH 10.5,
showcasing alkaline tolerance. The strain had an ODg value of 0.293 in the presence of 1.0 mol/L
NaCl, exhibiting salt tolerance. The strain had the ability to solubilize inorganic and organic
phosphorus, with the amounts of inorganic and organic phosphorus solubilized being
(179.54+1.21) mg/L and (65.57£1.07) mg/L, respectively. In addition, the strain had the ability to
produce siderophores and utilize ferric ammonium salts. The strain genome (national microbiology
data center accession number: NMDC60154488) was 3 666 630 bp in length, with the G+C content
of 39% and a total of 3 432 genes (including 8 potential synthetic gene clusters of secondary
metabolites). The rice seed germination test results showed that the application of 1x10’” CFU/mL
suspension of the strain significantly increased the radicle length and stem base width by 13.02%
and 17.68%, respectively, compared with the control group. The rice seedling cultivation test
results showed that the application of 2x10° CFU/mL suspension of the strain significantly
increased the plant height and root length by 32.69% and 36.55%, respectively, compared with the
control group. [Conclusion] Strain J-7 has a good growth-promoting effect on rice, showing
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application potential in agriculture as a microbial strain resource. Whole genome sequencing
provides a theoretical basis for in-depth study of the plant growth-promoting mechanism of A.

baumannii.

Keywords: rice endophytes; plant growth-promoting effect; growth characteristics; whole genome

sequencing
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Figure 1

Strain J-7 Colony and Mycelial Morphology. A: Colony morphology in LB medium; B: Colony

morphology in blood agar medium; C: Mycelial morphology.
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Table 1
of strain J-7

Physiological and biochemical identification

Item Results

Gram staining -

M-R reaction -
V-P reaction

Indole production
Oxidase reaction

Citrate utilization
Contact enzyme reaction
Gelatin hydrolysis

H,S production

Starch hydrolysi

O-F test

Nitrate reduction

o+ + 4+ 4+

+: Positive reactions; —: Negative reactions.

.0+
= % 7
S 10 7/ % /

&2

L AL PR [A] A B P 25 P 25 5 (P<0.05) .

Figure 2 Growth characteristics of strain J-7. A: Growth curve; B: Acid and alkali resistance; C: Growth

PIRECRRF AT (36, B A& pH R 7.5, 7%
pH 10.5 51T, ODeoo fH 4 0.679, KUIH A
H—EMNTRAE 1. WK 2C Fzs, 30 °CHFRERRE
KRS RL, @R, RR 10 °C) B & i
(50 cC)Yy B EM R ALK . nE 2D i,
RAE 0.1-1.0 mol/L NaCl Ay 5% 37 5 v 14 fig
K, NaCl ¥4 1.0 mol/L I} ODgoo {4 0.293,
TR AT —E Wit R g
2.1.4 TEFk 16S rRNA EEFH 5

B PR 16S rRNA FE[H P31 A% 2 FE AR A
Ykl FEdE ., RIS S NMDCNOOO3SHHM,
JF7E EzBioCloud il FE#EAT 2 P41 L. HEHL
AL 35 w8 1) 21 TR R A B R 48k B A (1A 3),

B
20+

ODy,
>

OD, 600

0.5

0.0

c(NaCl)/(mol/L)

ERI-TEREFE. A ARIHEG; B: WREET); C: AARIEE; D: m#EhE. AR/NGFHFER

temperature; D: Salt resistance. Different lowercase letters indicate significant differences between the groups

being tested (P<0.05).
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— il

0.01

Strain J-7 (NMDCNO0OO3HHM)

1001 4cinetobacter baumannii strain ATCC 196067 (ACQB01000091)
Acinetobacter gerneri strain DSM 14967" (APPN01000041)
Acinetobacter junii strain CIP 64.5T (APPX01000010)
[ — Acinetobacter courvalinii strain ANC 3623T (KT997472)
100 L— Acinetobacter vivianii strain NIPH 21687 (KB850133)
Acinetobacter baylyi strain DSM 149617 (APPT01000006)
Acinetobacter geminorum strain J00019T (MT380471)
Acinetobacter halotolerans strain R160T (KT032155)
Acinetobacter guerrae strain AC 12717 (KX870878)
— Acinetobacter defluvii strain WCHA30T (MAUF01000065)
Acinetobacter chinensis strain WCHAc010005T (CP032134)

84 Acinetobacter amyesii strain ANC 5579T (ON598627)
*{ Acinetobacter beijerinckii strain CIP 1103077 (APQLO01000005)
98 Acinetobacter haemolyticus strain CIP 64.37 (APQQ01000002)

%3 FPKI-7E T 16S rRNAEE FFI R ABLFFIEINIF . 0 SZABUE A K T70% BEE M B
FERTI BRI S00IK s BIRRTT T 44 )5 MRS5S 791555 .

Figure 3 NJ tree was constructed based on 16S rRNA gene sequence of strain J-7 and similar sequences. The

numerical value at the branch is greater than 70% bootstrap value; Bootstrp method was set to 500 replicates; The

Latin name of the strain is followed by the strain number and sequence accession number.

ER BN, Wk J-7 58S R ST (A cinetobacter
baumannii) ATCC 19606 FHUE e, I-AbF[H)
— . BiBWHIEAY . A AR E M4
SLZH ANI o3 By, W Bk J-7 5 AL baumannii
ATCC 19606" /) ANI{H & T 97%, .35 & TFh
FOEE ., B, RZHTER 1-7 S iR
I -
2.2 EERFRENFDH
2.2.1 E#K J-7 EEAER

>R FH ZAX Hlumina 4> & <200 77 X6 TR A J-7
AT, AR NER 2 s, J-7 B4 4
K 3 666 630 bp, G+C &M 39%, &A 224
contigs. JLFUME 3 432 Z&4mtdE H TS, 4G
3363 1~ CDS. 63/~ tRNA. 5 rRNA fil 1 >
ncRNA, FEHRAPE EGNE 4 s,
222 Bk J-7 BEEEINEES

B R AR K BCHE E (clusters of
orthologous groups of proteins, COG){¥ B¢ 45 5 i

/(& 5), HFTmE] 2 392 DIIEEEEA, 43 25 1
DiRegEa . Horp, &Rz i 518 (amino acid
transport and metabolism)3f % [ D) & 3 K 55 & A
Z, KN 8.2%; #Em 4”5 ¥ (energy
production and conversion)ifl } (57 6.9%; Hiififiz
T AP A S T R E 92 N IER L A, A
233 NIIRERFIRYEEA

B3R 15 B 5 KEGG B4 3 AT X,
HA 1007 DB B ERIF 4340 T 29 A3 g
(® 6), Hirr, SRR (amino acid metabolism)
PSS RN R Z, 1k 298 1. Ak,

w2 ERI-TEEEHHEER

Table 2 The results of genome splicing of strain J-7

Item Results

Total gene length (bp) 3 666 630
G+C content (%) 39
Contig number 22
Number of tRNA 63
Number of coding protein 3432
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WK A A W11 (carbohydrate metabolism), fiE
R4 (energy metabolism) ., 4t [l F 5 2 A= Z A
(metabolism of cofactors and vitamins)Z5 i i 1t
FAEREHEBNIIRE A o H eHEd, Xt
HEETE T RR J-7 iR T rh R YR s 2R .

A. baumannii J-7

(3 666 630 bp)

4 FEikI-7TEEBEE

Figure 4 Circle diagram of strain J-7 genome.
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Figure 5 COG database annotation classification.
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ERACA I A il 1) R D], 3 S G PR TR PR R 6%
RIFFHEIIRE. FE, FEEAH R 15 5t
ERPEVETEAROCI LA, 200 R A B R 6
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150 -
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TR B IR Eh 5538 2248 ATP 454 %5 [ (phosphate
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Figure 6 KEGG database annotation classification.
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®"3 INREEEDERE

Table 3 Functional gene annotation

Function Pathway category Gene ID Gene name  Product name
characteristics
Siderophore Metabolism ctg00003 01463  entd 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase
production ctg00001_00427  entC Isochorismate synthase
ctg00001 00434  entB, dhbB, Bifunctional isochorismate lyase/aryl carrier protein
vibB, mxcF
ctg00001 00435  entE, dhbE,  2,3-dihydroxybenzoate-AMP ligase
VibE, mxcE
ctg00002_01002  bfr Bacterioferritin
Environmental ctg00009 02939  fepA Ferric enterobactin receptor
information
processing
Alkaline phosphatase Metabolism ctg00001_00699  phoD Alkaline phosphatase D
environmental ctg00002_00801  phoR Two-component system, OmpR family, phosphate
information regulon sensor histidine kinase
processing ctg00002_00802  phoB Two-component system, OmpR family, phosphate
regulon response regulator
Inorganic Metabolism ctg00011_03213  ppa Inorganic pyrophosphatase
pyrophosphatase ctg00005_02055  phnX Phosphonoacetaldehyde hydrolase
ctg00008 02770  gph Phosphoglycolate phosphatase
Exopolyphosphatase Metabolism ctg00004_ 01560  ppx-gppA Exopolyphosphatase/guanosine-5'-triphosphate, 3'-
diphosphate pyrophosphatase
Polyphosphatase Metabolism ctg00009 02948  ppk Polyphosphate kinase
gluconic acid Metabolism ctg00001_00022  ged Quinoprotein glucose dehydrogenase
synthesis ctg00002_01044  gdhA Glutamate dehydrogenase (NAD(P)")
ctg00004 01655  gntK Gluconokinase
ABC transporters Environmental ctg00005_ 02050  afud, fbpA Iron(III) transport system substrate-binding protein
information ctg00005_02051  afuC, fbpC  Tron(Ill) transport system ATP-binding protein
processing ctg00005 02052  afuB, fbpB Iron(I1I) transport system permease protein
ctg00001 00439  ABC.FEV.S  Iron complex transport system substrate-binding
protein
ctg00001_00440 ABC.FEV.A  Iron complex transport system ATP-binding protein
ctg00001_00441 ABC.FEV.P  Iron complex transport system permease protein
ctg00001_00453  pstB Phosphate transport system ATP-binding protein
Osmotic regulation  Metabolism ctg00001_01152  proAd Glutamate-5-semialdehyde dehydrogenase
ctg00001_00483  proB Glutamate 5-kinase
ctg00009_02886  betA Choline dehydrogenase
ctg00001 01721  betB, ghsA Betaine-aldehyde dehydrogenase
ctg00008 02751  ots4 Trehalose 6-phosphate synthase
ctg00008 02752  otsB Trehalose 6-phosphate phosphatase

I R B ) B R B i

WAL, e 7 B

R HH i v & (2,3-dihydro-2, 3-dihydroxybenzoate

TN o IR AR Sl B B S 40 SR 2L i Tl
(bifunctional isochorismate lyase), Ul entB. dhbB.
vibB. mxcF, WAL 7R (isochorismate)7K fif 4=
B 2,3- TUE(-2,3- R IE B R (2,3-dihydro-2, 3-
dihydroxybenzoate), K5, 7F2,3-—&-2,3-—f5H
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dehydrogenase, entd)IEIL T, L NADh3Z 1K,
HE RS 2, 3- R 3K iR (2, 3-dihydroxybenzoate,
DHB), fEREREIRG AT, #—4E
AR B & (vibriobactin) . AT & 2 (bacillibactin) 1
J% ¥ % (enterochelin), 7ERAHT R & EFAL 7>
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Isochorismate
entB dhbB vibB mxclF

2,3-dihydro-2,3-dihydroxybenzoate

entA
Vibriobactin DHB Bacillibactin
entD | | pptT

Enterochelin

7 SREAEIRZRFEERRNEY S RIREZE. entB,
dhbB.. vibB. mxcF: it RE 553 32 R 24 it/
RN s enid: Hihh2,3- T 5-2,3- "R ALK
RIS ; entD. pptT: “WASIHFT RS B
Do

Figure 7  Biosynthesis of siderophore group
nonribosomalpeptides.entB,dhbB,vibB,mxcF:Encoded
bifunctional isochorismate lyase/aryl carrier protein;
ent4: Encoded 2,3-dihydro-2,3-dihydroxybenzoate
dehydrogenase; entD, pptT: Encoded enterobactin

synthetase component D.

D (enterobactin synthetase component D, entD.
potDEIVEIIE , L-22% 25 DHB &4, A iiis
FF# 3 (enterochelin) , 5S¢ AR AR 15 AL
2.2.4 antiSMASH HU

antiSMASH P45 R, bk J-7 BYZEA
AL 8 MITE MG AEE W& Ik R
3 5 i i S B AT B 2 (acinetobactin) . ] 5 AN 5
= (baumannoferrin A/baumannoferrin B), %= +

Z (lankacidin), F Jit Z (fengycin). /K JEH &

(berninamycin K/berninamycin J/berninamycin A/
berninamycin B). H p | baumannoferrin A/
baumannoferrin B #% 528 M-k ilik b 54, H
FLR LS LucA/LucC KGHEH, XEEHE
B MRBARNIIREEAZ —. ZERNBESTM
A% baumannoferrin A/baumannoferrin B & [X % #H
RIPEIS 100%, PRI AT B s A = gkl A 1) o 3
B S I A S I P A N - 3 S 5 I ] I A
lankacidin, fengycin £ berninamycin 2§ HAG ¥ 1E
MEEHNAE Y, (EEEARVE LS WA T
K, HIANEAE A Rt 2D
2.3 ERIEESFHENE
2.3.1 EKIEERE

PRI R A 5 JC AL B 35 57 5 (8 9A) R A AL
PR IR B (1 9B)Y 53R 72 h )5, BTE TR Y
AW E I . e g R B, oL R
JEf0 PST M 3.4120.11, A HLBEES 3R 3L 09 PST A
3.18+0.13, FUARFMR J-7 [F) 0 HA s g T AL A
AHLBERIBE T o BEJS X LA i Do AL RE ) 2R 4T
BRI, 15 bRERZE A y=0.005 7x+0.001 6,
5 RO 0.997 3, BPk J-7 IO HLBE Y
(179.54+1.21) mg/L; Xt Hiw i A5 WLwk e S kA7
BRI, 15 brErZ o y=0.005 4x-0.008 1,
PG RECH 0990 6, WIE B I-7 7 il A HLBE
M (65.57+1.07) mg/L., 7E CAS Rl K5 323,
PR S Bl 2R A8 (0 B = ], SR B ] 43 I i
PR (K 9C); WMk J-7 ERRANE R IR P 28 3 1k
ARG AT AR, I B A I ] R g 2R
BT (] 9D). Witk F7 AEA&MH . FA . ™
ACC JB B ™ TAA BIBET]

NI-siderophore

R ol ]o) o e Yo eanlanlie]  EEeE i —" ), E— s - )

165 000 bp 170 000 bp 175 000 bp 180 000 bp

B8 kEiAERERE%

Figure 8 Iron carrier synthesis gene cluster.
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232 KIGMFRAL IR

X B2 (CK) SR A (TOFF R R 5 45
AR SECNE 10 P, SXTRAMt, 25
ZH AR KB (8 (10.33£0.73) cm, B0 BR4H
WERNT 13.02% (P<0.05, ¢ #:%); RIGAH N
KR I(E M (5.19£0.72) ecm, AH F X ARZH

EHANT 8.81% (P<0.05, ¢ Kud); XU 255k
T FE I IIE A (1.8120.02) mm, HXT TH4H i & 4
B T 17.68% (P<0.05, Mann-Whitney U 5 48).
SR, R ZFF R ZF A AE i 50 40 5 %) 4 22 [
KRB BEES . L5 LIk, 17 MERAEK
FERhF i K R R T R AR AR

El9 BEFRI-TIRESFE. A WOHIBE; B. WAV C. gk, D. RIS,

Figure 9

Growth-promoting characteristics of strain J-7. A: Dissolution of inorganic phosphorus; B:

Decomposition of organic phosphorus; C: Iron carrier production; D: Utilization of iron ammonium salts.
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Figure 10  Physiological indicators of seed germination test. A: Radicle length; B: Germ length; C: Stem base

width; D: Germination rate; E: Rice seed germination test. ns: No significant difference; *: P<0.05.
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233 ARIKEEERMKBEREEKD
Al

30d BEIGHE, BAEEFEEHLHE 100 R
KA, WA . MRe . ZEEETE, IR H
EB S R R, DLJGE K AR RR(CK),
WA 11 7R o WU TR (CO)Ab R fy ot v AR
ZRIK, WREKSEE H(10.61£0.57) cm, #XT IR
A FERE T 36.55% (P<0.05, ¢ Kii6); 10xHi
FEWL(C1) 5 100H B W (C2) b BRI . 4 1) . 2%
AR AR K 23.68% . 7.08% (P<0.05, ¢ K40);
1 U3 TR B R AL B2 (CO) Y /K R e 00} R 2 I
BN 32.69% (P<0.05, ¢ K 5), Ho 10x 4 B
(C1)5 100> B (C2) b P 2 452 %3 1 2H (CK) AH
Pt BoA 25 5 (P<0.05, ¢ K 3), HF 4
PR Z A TC T 25 575 WIAA TR IR S 10> B

A

Root length (cm)

TRALPRZH 35 W PR T T Ay B R
YyJscis, [R] S B0 T RS 4l =R L BE
O A S R AR RS E T HAT B

3 Wkb&®h

fifd 2 N S5 (4. baumannii)VE b —FpAE A=
W, CAERED 8P FORAMR R 4 P i
ek, JFEZ MY AR SRR R
IR A ROR . A B oE Z 4 Th 7E X R HuAEY)
MR AVE T, /NP KRB Ih S04
{HAE 3T R Bl /K R FH B2 KA PR A B B BF 5 v
v A DL B O HA (R A= Dy 6 1 R 2 AN S A Y
Rl o ARG TR VTAR KPR TT 95T 30 i s
MR KFEZEN A3 T — R B W P AR Y
AR J-7, FET 2R T & ANI ¥,

B

Plant height (cm)
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R N e / _
B s 5 N

B TRIREEERKEREERKMEM. A: K B: the; C: ZEIE5%; D: i EE 7 bk
H; B MUNER AARGEE . AR RERR A LA L A 1k ) 2 S 5 (P<0.05).

Figure 11

The effects of different concentrations of bacterial suspension on the growth of rice seedlings. A:

Root length; B: Plant height; C: Stem base width; D: Aboveground part 100 fresh weight; E: Underground part
100 fresh weight. Different letters indicate significant differences between the treatment groups (£<0.05).
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Y LR RS NS RI(A. baumannii)

AP I 7 D REE B ) antiSMASH 73
SRR, TRIAR J-7 SR S A A Rk AR Y
A entC., entB Fl entd 55, FIFFEHFI R T —
ZRERE N RN A AR R IR A ) 6 i A2
%, Al (vibriobactin), FTEZ(bacillibactin)
1 B ¥ B & (enterochelin), H #, T %
(enterochelin) & B A WL Ak ik 2 —P2, xf
Fe AW EEMTT, REMSTE MR IAEE TR R/K
R B, 5 Singh 53 - SEREA TR 43 B
Hh i 2 N B AT B TAIPS AH L, BERE 1-7 1Y%k
BMRG ERFEARRT 588, A& IF 53 S i
AT R A A P CBESER . antiSMASH
AR N, EARE R A P — AR
baumannoferrin A/baumannoferrin B 3& [ #& .
Baumannoferrin A/baumannoferrin B /F & 5 ¥ Jl5
BRI R ARAAPY ) S 5 F izt . M
T3 R EE 5L Fe sk = 1 E 2L RA
WM S ILEX Y i AR R A K Ot
GYEH. ZEE A | MR R S A A A5
Mo, FEBERIREE T, BRak i 1 2 4 3 B
() Fe¥ IRh5i2 BANMIPY, A %50 i M P ik
PRIt AT LA 7 gk AR B R A S — R R LY
Bk WIREREEAR A LAY Mutungi 2557 A ER
el A e EEL I WAV 2 2 K R E R T A B Y
W Xiangfangensis 1] L= 1AA, dEimife it
KGR AR RS B R 1-7 ANBE
B e TAA, (BAESRERIREE R, BREA n] i it
R, fEmot e R S a, dEmEHEg i
KOS A i, DB 1-7 (AT REAEAEARR A
B, AR — 20058

PARE J-7 R BRI ER R AE 1, RERETE
pH 10.5 A1 1.0 mol/L NaCl ZxF F A K, F:[RI
B T A A LB B ) . R tR J-7 8%
AT R AR TS WU L ] betd/betB
VRS LB IE IR otsA/otsB . il B R A N FE A
proA/proB, T] R 1 A FEH S md ak H A AH 25 v
s R A 2 e, DT IK 2 T £ B A%
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BB BHRIEEM, prod/proB K )i ik
P TR A R, TR A s
B, VR J-7 S AHCEE R AT Re A eI TR &k
BHLE] . BARE J-7 W ICHLBERE J1 R 179.54 mg/L,
WAHMIBERE SN 65.57 mg/L, W BALT EIRE MY
{66 2 R BT B (4. baumannii) 7B RE F1127251,
BERR J-7 BOVESAE R AN (A T HOZ A Y N AR T
SR BRI AE M AR L, PN A TR B[] R 2 ]
FEAEAR AL, TG VR AL 2R v e 2 T L
B IE SRR SP AR S SE AR SN A5G A 2= 1 5%
M, BRTRE 3-7 (0 P A TR AR (AR S R A Y
N FHAEAER] ek

i S R A N T KA, T
FARUE KRG AR N K B S
P,V SRAT R G J . AR AR SR B S T A AR
A TR NP, B X KR A K 1 B i i A DL R
o AR Rk J-7 BT KRR E N, iR
ARMUR B E . KA WA BRI, &
IR BB bR J-7 PIAERAR Y pH 2540 T R H T
KBEEW L, AREKREA AR Wik -7
B B AT ER R RE T, HAE TR AT Eh i oK
Fei A FH AR Hh 9 o SR A 5 E— DA

gE Lk, Wk J-7 VRN IR T SR Rt K AE
AT, B R AR O A AR R, fE
W38 1L L S AR B AR A AL TR A K A 4
AR, FETR T ER M K R R AR S AR A
VG EATEAE N A TR J-7 i3
WERE A XT B 5s , RTAESE— 2D MBS TR R
N K Z DR R A . A, Bk J-7
ANEAEA . fERRE T, RIS Eheny 2
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AW AR, KSAVIRA S EWAIE, a7
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