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Isolation and Characterization of Siderophore-Producing Bacteria
with Various Plant Growth-Promoting Abilities as a Potential
Biocontrol Agent
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Abstract

To develop eco-friendly microbial inoculants, siderophore-producing bacteria were isolated and identified, and their
production characteristics and plant growth-promoting abilities were investigated. A strain S21 was isolated from rhizosphere of
Korean perilla (Perilla frutescens) and identified as Enterobacter amnigenus by phenotypic properties and 16S rRNA gene
sequencing. The highest siderophore production was obtained in a medium containing 0.5% fructose, 0.1% urea, 0.5% K,HPO4
and 0.1% succinic acid. By using this improved medium, siderophore production increased by 2.5 times compared to that of
basal medium. The strain S21 showed insoluble phosphate solubilizing, ammonification and antifungal activities, and also
produced hydrolytic enzymes (protease and lipase), indoleacetic acid and 1-aminocyclopropane-1-carboxylate deaminase. Our
data suggest that E. amnigenus S21 is a potential candidate that can be used as eco-friendly biocontrol agent and biofertilizer.
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o] BAl lsolA of 15| 2 mH o dolgleh
(Paul and Lade, 2014). 2| o] &gl 24142 3 25}
fleto] ngEE o83k 2 %1814 w2kE A AloH
o] ZH7EI3 Sl
2] 50 ZH(Rhizosphere)2 thoFst n] R Eo| A 4]
SHL Qe 15 42l Bdoleh. 2ol N M7 A0,
JAS Z2A)7]= n]AYELS Plant Growth-
Promoting Rhizobacteria (PGPR)2}a gt} PGPR-&
2417 (Cocking, 2003), d Z<(Miethke and
Marahiel, 2007), -84 Q14+e] 7}-&-3KSharma et al.,
2013), A} =5 =% 314(Spaepen et al., 2007) 2 -
=72 $H4(Compant et al., 2005) 5 53} w2-E9]
e A5k, B3 U] S-S AR
AL A= S thAte] glojA = Qe =58
P darolok A R} =F; Alelehd vk, 24
o] =, DNA -4 2] @4 Fofl - Fa3t g
StH(Hider and Kong, 2010). Siderophore+= #|&
Z}o] v]2] H 224 #HE] =(Non-ribosomal peptide) =
A, B E AYSoll D420l Hil Eo| & 0 & Ajteh 4=
Q= EZlo|tH(Reid et al., 1993). Alxo]] 2J5te] 3=
siderophore+= Al| 22 §F.0 & WFZE o] Ed o Ql= At
Aslsto] BolA|E A3t (Miethke and Marahiel,
2007). Siderophore AJAtS= A ZTo]| QX|ol= 4=
|AIE Foto] o] BAAIE FHste] o] &8 = qlen
2 0| YEL2 543 4= 3t Arora et al., 2001). whe}
A siderophore & /g sh= nIAYE-S w20 AW
o= nAEY] H s S HaA CBZHN A8 S
A = o, H3A AERH BT (integrated
plant disease management) & $J3t X|<&7 55t v o
2 Aot=] It (Pandey et al., 2005). o] A|gtR o=
Z-gahiz sfof AelAo] 215}z ]2 L siderophore
£ A5k A oS ST WO R XISt
& 102 34 ¥ 31 3]0 m(Butler, 2005), ©]of w2} 3
& P49 siderophore A Ato]| Tt A= o] o]
OJRAIRE B mAY ol it S EETHReid etal,
1993; Hopkinson and Morel, 2009).
WA T ) AR A LS el
of AH48-S S0z Zlo] Mol Ak s sfor 2
B Bk 7P A Q1 Eofof o -8 A
ke gig HiA 24e] Aol WIS 2ol

o

¢

o b

Sy

siderophore $H4J-& 2 A3h= 383 8 3l0]7]=3A|qt
gl gl §7NHE FRT TS ek 2o
2 B E QK Saha et al., 2012).

wEh B ATola Ee] 2w ElA
siderophore AT 72 2] 9 4% 7, 2]
AlF5=2] siderophore A Aol m] x| = Hlj 2] 244 9] o
AR Eah Aol Jgh chopet 42
A B S 2451, B U2 GBS 7
Holl 2a3gt 7| 22w E gH A} 51t

2, Mz 3

2l ¥ 53

HO

2.1. Siderophore AARFZEO

Siderophore A A} o] AYE-2- Fe**of| T} 3t siderophore
9] 2 XMl 7]&x38ted 7R chrome azurol S
(CAS) Bl 2] Z4 o] oJ5to] EefstAthSchwyn
and Neilands, 1987). CAS=Fe* 1} Zg}5lo] HaH|=
FASEO 2R A8 LFERHTE 12ju siderophore 7}
ZANT 7%, B 2] Fe¥' 2 siderophore 2} A5}
)31, e O CAS= fejEint. Aapdos
siderophore & AJAIsH= v E Hhe] FHF = 5
Azgh o 2 s ek thae 5 AbE o o
2 AI)e] moF HEtolS 24 U ALHE| M, CAS
ki A] o 55101 30 Coll 4 vFshaiAl 22t 910
R3] 830 3ho] 2 7o) 2 #5-2 siderophore A4}
ulgER ARk

FA 2] e} vjoFA E4J-S Manual for the
identification of medical bacteria (Barrow and
Felthanm, 1993)¢]| &3} ZA}3H &, Bergey's manual
of determinative bacteriology (Holt et al., 1994)& %}
235} ofH] FAsIATE EIF FAET=2] 168 rRNA
FARY] A7) ES E4935E &, GenBank database S
olgsto] miZt @ESTe AEAS wlmsh,
MEGA software S o} 85101 AEEH 91315 241512
o). olul, 165 IRNA $0418 ZEsl] A5
primer+= 27F (AGAGTTTGATCMTGGCTCAG)2}+
1492R (TACGGYTACCTTGTTAC GACTT)o]3ith

2.2. Siderophore “#At0f| FeFS O|Xl= HHX[MZE ZAL
Siderophore AJAto]] A% 7] Euj X = glucose

medium©| %1 o, 1 242 olucose 1%, urea 0.085%,
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Fig. 1. Phenotypic characters of isolate S21. (A) siderophore production; (B) cell morphology.

K,HPO;4 0.056% (pH 7)©]it}(Sasirekha and Srividya,
2016). F-At+2] siderophore AJAto]| FERS: v)x]=
215 Yohi 7] 9fste] 7k e, Ao, #7149 "
74kl = siderophore A4S S48tk 5
5] 514 ¢= 3, nutrient broth ol 4] Bl &t 2 uf
M 2% (v/v)E 712l A] o] 398311 30°C, 200 rppm o] A]
24 A1ZFE <t ul BT A S = 660 nm oA &
FreE S5t AR

2.3. Siderophore2| HzHEAM

ujoFel 1 siderophore 2] kA2 Alexander and
Zuberer(1991)2] who]] e 2AFslTt vkl o
20 Qo] ARE 5)450] 10,000 golA] 103
7E iRl HioF A5 0.5 mLok CAS £
0.5 mLE &33lo] 30 CollA] 3057F WESAIZ] 2, 630
nmof| 49| FF=E 57J5}3Ict Siderophore AAF-E-

ohe Alef oJ5te] A3t
Siderophore (%) = [(Ar-As)/Ar] x 100

o714 Are B2 HEe1A L WA 2] BHES,
Ast A|R9| FHES Lehii,

2.4, NEME T Y FAL

FAF] E-84 QU 71E5-S Nautiyal(1999)2]
W, Yol A4 52 Dey et al.(2004) 2] HHY, 5%
o] MIEEAE B3l a4 (chitinase, cellulase, protease,
lipase) @] &4 F=H(Gerhardt et al., 1981)9] 2]

siol AyAoR Wishdrk Ee AR sl
indoleacetic acid (IAA)%} l-aminocyclopropane-1-
carboxylate (ACC) deaminase®] AJA5-2 Tang and
Bonner(1947) 2] W 9 Penrose and Glick(2003)2] %
ol ofsfol AakHo.2 Hatsloih -2 potato
dextrose agar FHH| RS 0|83 A |ujf o= 2l
shlck 2% A=y Bolel Bonyiis cinerea,

Colletotrichum gloeosporioides, Fusarium oxysporum,

Rhizoctonia solani, Phythium ultimum, Phytophthora
cactorum= 1) A2 ARSItk

FAE U ES A RRRE 5O CAS v
Ao A et o) b S5 gk 27 H e
2B} let. 15 A 2o] 2| o] 7 £ 821 e
AR AR Fig. 1A). SAET= 25740l
= 7H(1.1 mmwide x 0.43 ¢mlong) HE S YER =
IR0 2(Fig. 1B), WHEARS F/35H] 983k
© 1, catalase2} urease A5 912 0.1} oxidase AY
%52 AUk Nutrient agar T} 2| of| 4] AYAJH T
A Aol Sl S4F7E HE(Flant 5+
(Circular) HLeFo| ¢l om, ko] 7PgAte]= =24 1wk
(Entire)-S- LJEF St Bergey's manual of determinative
bacteriology S ZH3lo] TAFEE BAT Ak
Enterobacter <:0]] 3E3FE 715-A10] 713 =9t th whaba]
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Isolate S21

\Enterobacter amnigenus ™ (AB004749)
-Enterobacter soliT (GU814270)
Enterobacter muelleri T (KP345900)
Enterobacter xiangfangensis T (HF679035)

-Enterobacter oryzae ™ (EF488759)

L -Enterobacter helveticus ™ (DQ273688)
Salmonella choleraesuis™ (EU014681)

—
0.02

Bacillus cibi ™ (AY550276)

Fig. 2. Phylogenetic tree based on 16S rRNA gene sequences showing the positions of isolate S21 and type strains.

FAFEE A S5 915H0] 165 IRNA 971
Z}0] A7) /\1 g8 B4 % GenBank database] 5
¥ B3 v usk AL Enterobacter amnlgenusgl-

99%2] A=A LFEFY @it o|u] &2 Enterobacter
&t AlE e ?‘i ‘d& GolEy] st AlE
+5 2ot dil IAAFE AESFHoR E
amnigenus 2} 5Lt 1"—01 29| QT Fig. 2). whet
A o) 5 Aol 7] x8}o] FA|H-FE E. amnigenus S21
= grgstolch

3.2. Siderophore AMAKS 2|5t HiX|ZM THM

Siderophore & AJASH= n|AYEof what YA ulj R] 2]
22 th=m, uij %] ] AJ- siderophore A4 o]l
2 S m|Rthal ®A1E|QItSaha et al., 2012;
Sasirekha and Srividya, 2016). X|&7Fx] Ha1%
& 91=siderophore A Ak} A 1}-0] 14| = siderophore
= Ho| Ay gl A AR Th= Ze Btk Alo] of
HBo]m(Cornelis, 2010; Saha et al., 2012), siderophore
AR Q1% uf A A=) AN Ao TRk A A Q1 A=
A4of E3}tKReid et al., 1993; Hopkinson and
Morel, 2009).

HA 28 TS 1%4] 7] 287 ol 7Fsto] A

Z=0]| 9]} siderophore A AFFS- =46 A1}=Table
1o A K= vhe} 2t} kA Y-S siderophore 2] A4k
2] 0] 91ZFIE A 4= 918 01, lactose 2} sorbitol 2
A L]t = et of| A siderophore 7| R AFE] AT) 1

T 712 H)A] 2] a2l glucose HUf 2 ABAFS U
Pl AL fructoseo| Ut} Fructose2] Ekof W=
siderophore 2] RYAFFS ZAFSE AT} 0-0.5% H ol A
Fe 7ol vl esto] At STket e, Lol
9] s ol A= LA THFig. 3). Brevibacillus brevis
GZDF3 (Sheng et al., 2020), Bacillus sp. PZ-1 (Yu
etal., 2017), Pseudomonas aeruginosa FP6 (Sasirekha
and Srividya, 2016)2] 73-%, siderophore A§Alof| 2|2
ol Bta¥e ZHZ} sucrose, glucose, mannitol©|™,
fructose o] A= AJArEFO] ol & 2] Qickar sHQich wakA
siderophore AJAFo]| 2% Q1 BFAY-L w1 E0]X Y-S
o 2= 9loit}

715 A 250.085%4 7]2ufA] of] F7Fsto] F-A
2520 o3t siderophore AYAFFS =43 A7), g4

ulzE7}R] 2 24 EA] siderophore AJAto]| B2
Q1 QIAFG o, 7] ufR| o] H Al ureaol| A 7HE =
2 AAFFS YERY 9t Table 1). T3t siderophore A3
AFgEurea 0.1%71H4] S7FsH0H7} 21 0] 449] S5m0l A
= 2lo1E YR R QttH(Fig. 4). P. aeruginosa FP6
+= ureao| A 7P =2 siderophore AJARS LFENY o]
(Sasirekha and Srividya, 2016) & FA| 759} 53t
ANE KRl WhA, B. brevis GZDF3 (Sheng et al.,
2020)+=asparagine | A] $-& AJAFFS LER Sict &t
H, ST vl eFel ol urea”F XS 7, o] HRQF
92 siderophoreo]] o3t AEECF 2= A 0] 7|52} 91

F

1)

-

fr
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Table 1. Influence of carbon and nitrogen sources on siderophore production by E. amnigenus S21
Carbon source Siderophore Nitrogen source Siderophore
(1%) (%) (0.085%) (%)
Fructose 31.3+1.1 Bactopeptone 13.5+1.3
Galactose 7.740.6 Urea 33.9+.0.6
Glucose 18.6+1.0 Soytone 0.0£0.0
Sucrose 4.240.3 Tryptone 6.2+1.8
Lactose 0.0£0.0 Yeast extract 7.1£1.3
Maltose 8.5+1.3 Casamino acid 12.5£1.0
Glycerol 9.940.7 (NH4)2SO4 2.94+0.3
Mannitol 12.1£1.4 NH4NO; 2.4+0.4
Sorbitol 0.0+0.0 NH,4Cl 3.8+0.2
None 0.0+0.0 (NH4)H,PO4 16.4+0.4
(NH,),HPO4 12.6+0.2
KNO; 0.0+0.0
NaNO; 10.5+£0.9
None 0.0£0.0
40 50
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— 307 <
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Y © 301
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Fig. 3. Influence of fructose concentration on siderophore Fig. 4. Influence of urea concentration on siderophore

production by E. amnigenus S21.

AL B2 A0 75 T e AARIEL FAlof
2 FAE T urea S PO 2 oGS =5
%E Joll EASH= 1 o] urea H| 25 ZHAIR] 2 =4

o174 Eobe] RS Slat TR Al
(Sayyed and Chincholkar, 2010). = A1&] o] ZA3}=
e o] 1ol wetS At TE A HSHA AR
A A 07 Fa=e] AR oo T4 A4Abg 3 7HA
S84 98-S Lo, ofo] Tt FhTt Ha

LU

production by E. amnigenus S21.

o= o Uik

7| EulA] AE el KoHPO, 2| 5% 7} siderophore AY
rbol vl A= PR 2ARE A3t 0.5%7H4] s 5
7tol| Hlgsto] AAkFo] F7ksitir) 71 o] 4o 5o
A= 7HAsto] A3 A<l inhibition type-g VFERH AT
(Fig. 5).

§714k& siderophore ] AAkero] ke vl Ak
H 317} ¢JtiSayyed and Chincholkar, 2010). wh2}A]
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Table 2. Influence of organic acid on siderophore production by E. amnigenus S21

Organic acid

Siderophore (%)

0.1% 44.9+1.6
Acetic acid
0.5% 21.5+3.2
0.1% 0.0£0.0
Citric acid
0.5% 0.0£0.0
0.1% 12.6£2.4
a-ketobutyric acid
0.5% 0.0£0.0
0.1% 8.7+2.1
Lactic acid
0.5% 2.4+0.7
0.1% 0.0£0.0
Malic acid
0.5% 0.0£0.0
0.1% 0.0£0.0
Oxalic acid
0.5% 0.0£0.0
P ) " 0.1% 15.3+£2.8
vic aci
yru 0.5% 0.0£0.0
0.1% 475824
Succinic acid
0.5% 19.4£1.7
None 40.4+3.1
50 60 0.5
40 | 50 L 04
g S 2
© 301 o o3 <
2 2 3 E
s g o
S 201 s L02 5
5 K 3
10 A 10 0.1
0 - T T T ; 00 T T T T 0.0
000 005 010 015 020 025 030 0.35 0 12 24 36 48 60

Concentration (%)

Fig. 5. Influence of K,HPO, concentration on siderophore
production by E. amnigenus S21.

71 4714 A% (0.1%) 2 1% 5(0.5%) & v <] o]
Z7V7 0 2 H7)slo] ujokst Aa) A% 9] acetic acid
@} succinic acid 7} 22} 371 A3 5101 A siderophore
AJArEFo| k7t 271 Q) 0.1, citric acid, malic acid 2

Culture time (h)

Fig. 6. Time curves of cell growth and siderophore production
in basal and improved media. @, cell growth in
improved medium; O, cell growth in basal medium,
M, siderophore production in improved medium; [,
siderophore production in basal medium.

oxalic acidi= ZAFEF W= 50| A] siderophore A4k
2 93] Aaf5}gI T Table 2). A 0 & §7]4k¢]
Z 7= siderophore AJAtol| F FoFE MR A] Qo= &

=91tk 3HH, Sayyed et al.(2005)]] 2J5}H succinic
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Fig. 7. Plant growth-promoting activities of E. amnigenus S21. (A) insoluble phopsphate solubilization; (B) protease
production; (C) lipase production, (D) ammonification; antifungal activities against (E) C. gloeosporioides,
(F) F. oxysporum, (G) P. cactorum and (H) P. ultimum.

acid= Pseudomonas putida®] siderophore *§AF2
57X 71 A8k citric acid= Q&S 1) X A] S3hctal 5f
Itk 124 Sharma et al.(2016)-2 citric acidof 2]}
oy Pseudomonas spp.2] siderophore AJAFL- =715k
o sk

371014 S E TR x| e} 7| A of| SAlETE
212} %5101 wjeyst Al A7k 2ol 1} siderophore
A A ASE S W g A= Fig 6014 Hae
HEe} 2ok 7] 2a &) 9 7§ Al R of| A ZF2E 36 A1 3l 24
AZAA] Hp5AE stk A7)0l E4dsksl e,
siderophore AYAFe=2- oA A50] vl |5t F7Fsictrt
3641710l ZF2E 21% B 52%S R Qi) whepa] 2
AHE Ssto] S A A] o A= 7128) R o]
siderophore AJAEFo] oF 2 5ul| A Z71E]91S-S oF
= QASITE mA8Eo]| o]t siderophore O] AARS- w14 A3
S H|EISh= - H(Yu et al,, 2017)9} H25HA] b=
73$(Sheng et al., 2020)7} Ri1k]o] Ql=d)|, H HF=
At S Ak

33. BAEFL AEYE =X Y

A ZollA g REhA 1] PGPR2 &84 Q1A 7H8-5
= R R A e S S HASHL 9
Ao FPE v A= AA = A oefofl 28 Al 25
wh2bA siderophore & A8/d 3t 4= Q= 2 FAIFT] 4]

0]
r

O
fr ol

B S S 2T TAREE B84 9
A 7} Fig TAYE 4 Q19 on], ABBN 35

0] 9] A|szAJ R Bl a A2 protease (Fig. 7B)¢} lipase
(Fig. 7C)E BT 4= STk T3 3+t Sy =3
1 R okE A a4 1 Fig. 7D), EHAH )
C. gloeosporioides, NS+ F. oxysporum, ¥2]
RS’ P ultimum, Qw21 P. cactorumo]] Tt
2355 7ML A IeKFig. 7E-H). 12|uh 2 5=
cellulase, chitinase S AJAIS 4~ §l¢l o v, Adlgo|
B2l B. cinerea, 2= 21 R. solani 2] A8~ #]
afjskA] ZRE S, FAET= AA kol A 8.3
gimLo] 4247 5 22el AAS AA}9C0, ACC
o] a4 EIAME=A] 77 ug/mL2] a-ketobutyrate S
AR e} A1 AE A B9 ethylene & 744
7]= ACC deaminase &4 G351 Q) =Ao 2 5}

A= AT

4,

my

2

£ Aol A 28 nEAA A BH o

=
=YY vEe] Bar sk=E o Se e ek

A) 1
h

7 4= 9l siderophore AAF U E-S He) B S
%, BT A 22 89S 2819

E7e] 29 EQpomRE CAS BubelxlolA 2t
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Zlol 7941 B FAISHE 21 FHE R
o, BAIEES] BHFA S} 165 RNA §74]
7Ll 7128t F74% AL}, E. amnigenus =
Q1| Itk Siderophore AJAHS 918l SHE viA| =
AL fructose 0.5%, urea 0.1%, K,HPO4 0.5%,
succinic acid 0.1%9°]¢1. 2.0, o] ZZA o] 4] siderophore
Apere. 7)) o) oF 2,50 S71E e Egt
T T8AUAN 7T AR Hefl A
(protease, lipase), dH Yo}, IAA Y ACC deaminase

A

9} e /J%/HXP =3 %w ] ‘/}EHH _‘n:] C
gloeosporioides 5 BE A5 AA F5o]9] XS
AAsIATE o]t A= E. amnigenus SZI7}§]-

B8 YBOF W YBUEEA AGH 5 U
A o] Tk 2 AR
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