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Abstract: [Background] Iron in soil mainly exists in the form of insoluble iron oxide with low
availability. The activation of iron oxide by siderophore-producing bacteria is an effective way
to improve the iron utilization efficiency. [Objective] To observe the utilization of insoluble
iron oxide by the siderophore-producing bacterial strains isolated from woodland soil and
provide a theoretical basis for the development of microbial resources and the research on its
role in nutrient regulation. [Methods] Siderophore-producing bacteria were isolated from
surface soil near the tree roots by CAS detection method. The effects of temperature and pH on
the growth and siderophore production of the isolates were analyzed by plate culture method.
The activation effect of siderophore-producing bacteria on iron oxide was explored via
oscillation balance experiments. [Results] Twelve siderophore-producing bacterial strains were
isolated from surface soil near the tree roots. The results from 16S rRNA gene amplicon
sequencing showed that the isolates were Pseudomonas. We selected two strains ARSB02 and
CNRSBO1 and analyzed their siderophore production and growth. The biomass and siderophore
production of CNRSBO1 were higher than those of ARSB02 under different conditions. At the
time point of 22 h, the siderophore activity of ARSB02 and CNRSBOI reached 67.07% and
84.60%, respectively. The two strains could maintain good siderophore production within the
range of pH 5.0-8.0 and the strongest siderophore production capacity (38.98% and 48.77%,
respectively) at pH 7.0. The strains showed good siderophore production performance at
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25-30 °C and the strongest siderophore production capacity (42.35% and 56.06%, respectively)
at 30 °C. Both ARSB02 and CNRSBO1 grew well in goethite suspension. Strain ARSB02 had
the highest biomass (ODay¢ value of 0.75) in the suspension with the iron oxide ratio of 0.03 g/L
and strain CNRSBO1 had the highest biomass (OD4;0 value of 1.11) in the suspension with the
iron oxide ratio of 0.015 g/L. The siderophore produced by the two strains could activate
goethite. At the time point of 144 h, the activation of goethite by ARSB02 and CNRSBO01
reached 12.99 pmol/L and 16.50 pmol/L, respectively. [Conclusion] The siderophore-producing
bacteria isolated from surface soil near the tree roots all belong to Pseudomonas and have the
ability to activate iron oxide. The results are of significance for the development and application

of microbial resources in woodland soil.

Keywords: soil; siderophore-producing bacteria; isolation and identification; iron oxide
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TEGRER S5 1T AT AR BT P R BBk A Ak vh
Bkoc =M, 1 £ %R B 1 (Pseudomonas
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BAAALYI A HIBE TS, LA L S A W %
WOT K FIBRER & F T BRI S R 4

1 HE5xZ

1.1 TEH#ROXE

A3 ) E L 2R 48 W U T RS TR L b e B X
PEAT A RE SR AR, TR A - HERE i 35 O R A
SR L 8, AR R AR R B R AR 0-10 cm
3R)2 L3, RAE T PR A . — o9
fief - FE A 4 CCTH I PKAR IEA T 240 TR 1) 40 855 53—
oy ERERT, BT BRI AT, SRAE A
GRS 1 s, H, H3Eg
PUBCR AR Be e, 138 pH R 1:2.5 K
e EREC, pH T A SR AR T AR
PRI AE ;- O R P AR BT b 8 I
A R F DTPA 4RI, B IR s et
PAE .

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



T AR AR IR A 1 9 28 K HO BRI S A S R 1065
Fz1 DIREXRBUMR
Table 1 Basic physical and chemical properties of the soil
PRI YAl g R OMORERD pH AL SRR A ARk
Sampling point Longitude and Altitude Tree type Organic Alkali-hydrolyzable Effective  Effective
latitude (m) matter nitrogen phosphorus iron
(%) (mg/kg) (mg/kg) (mg/kg)
INARA W ATTIRE  37°715"N, 286 FEBERY 7.83 2.63  43.75 34.40 2.96
Yiyuan County, Zibo City, 118°15'12"E Cherry tree
Shandong Province
37°7'14"N, 293 SR 7.97 3.15 70.70 58.20 3.99
118°15'13"E Apple tree
IAREIRITISEBAE 35°47'17"N, 163 BER 6.37 345  21.35 32.69 4.31
Mengyin County, Linyi ~ 117°9721"E Peach tree
City, Shandong Province
35°57'36"N, 331 W A 567 2.90  50.05 33.63 5.68

117°9423"E

Chestnut tree

3R Rk E A 2 B B TR

YHTR Y 43 2 SR . R AR R R R
PREEFRILIA AR R AR Y, oy S U+ 45
10 g HLA 90 mL JCE/KH, 25°C, 180 r/min J&
¥ 30 min, FAJCHE/KFRER] 107°, B 200 pL
B 1 RO A B AR R R R A S IR
b, EESESE 28 hy PEBUE RS R I AR
WL, 43 BIHERN S CAS Rl B2 |,
28 CRYTEIRAEHE IR 24 hy A0 A= B
ERENEE 1 S S B o4 =t [ ST RA B SN (4 )
T W RTE I T 2 R R Al s, IR IRIS Y
AR TS E o

CAS AR EL " : (1) CAS Yl
1 mmol/L AY%% K (CAS) .4 mmol/L i)+ 75 ikt
= EERALEZ(HDTMA)FI 0.1 mmol/L FeCls, 7t
TIREIE TS CAS e, (2) FRHL 2.427 ¢
Na,HPO,-12H,0., 0.590 5 g NaH,PO4-2H,0., 0.075 g
KH,PO,.0.25 g NH,C1F10.125 g NaCl F£ /3R 4,
il 5% 100 mL pH 6.8 FBIRERZE M .(3) 43100 mL
CAS il 3% 35 5645 1 mL W BE 20% 0 REMA R |
3 mL W 10%MRKERE ST 100 uL WREE
1 mmol/L f#J CaCl,.2 mL ¥ 1 mmol/L [ MgSO,

1.2

M 1.8g MEEAR. HEW() . (). G)HIKIA,
BHIZE 50 °C, 43K 5 mL FE(D)FI(2)ZZ 18
AFIG)H, SR#E A CAS KRRk,
1.3 HEHSBEEENHT

YR B E o T2 BESCHER[14] . HCEEIR
U AN R B 7% L35S CAS KR AT, #
JOW 1 h, 7E 680 nm P T KRMEOGEE Ag, [A]
AN 25 P 9 5 5 SRR CAS Rl v 52 v 1)
W IEHE A, B3 AyA, 5y BT R AR B T
AJAAE 0-1 Z[A], Bl 0.2 $Ehn— "4+, 7~
BRIARRE 13 R AN AJAART 0.5, FBR A
15 B A3 (siderophore unit, SU)Z RN B AR 24
B =R, SU=[(4—A,)/4:]%100,
14 FHRYCHARVLEE

KT 16S rRNA J K741 4347 7 75558 i 16 7
WRIEAT A2 558, T Je e A i SR IR 4 4
B30 £ (TIANamp Bacteria DNA Kit) i B 4542
IR R DNA, SRJ5RAIZR 2 PN E A 16S
rRNA JE K 1454 27F (5-AGAGTTTGATCCT
GGCTCAG-3")Hl 1492R (5'-GGTTACCTTGTTA
CGACTT-3")XI M B A TP 4 . PCR WAA
(0 pL): BURAW 10 L, E. KI5
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(10 pmol/L)#% 0.8 puL, #ifz DNA 1.0 L, ddH,O
#ME 20 pLo PCR KW 45FF: 95 °C 5 min; 95 °C
30s, 55°C30s, 72°C90s, 35 ME¥H; 72°C
10 min®', 16S rRNA ZE[K PCR 7=41i¢)5 , @it
NCBI H1f#) BLAST K2R & M LTS 2 5 741
1.5 HAEEKEHESHT

Bedl SM B3 3RS BSCilk[1], 1 L SM K557
HPEH 6.0 g KyHPO,, 1.0 g (NH,),S04, 3.0 g
KH,P0,4.0.2 g MgSO, #14.0 g T R4 . [1] 150 mL
SM R FE S R EUH (OD o A 1.2) I 41 R Fh
T# 1 mL, 28°C, 180 r/min £&1F FIR%H: 3%,
D A B 1 A it kA = o, IForMr i o
AFR] I BE R pH X 20 B A A AR A 1
B
1.6 ERFWYIXT R HEE KRS

TEF b8 s L B BT R S AR AR Y
2, A TA R &4k, B
WEk 100 B

] SMIRIRKEFREEHINA 1 g/L 1) 8-F8 5L
mh, FEAMRST, RIE AP RIS 8-FR kv
Wk, P3RS IR AL . RO SR LR B — R
HI=fIH, BHEEA 150 mL, SRJE A&k
W, HHWE SR 0-03 g/L. [ kg
W BRI AT B (OD 40 M 1.2) B A B b T
I mL, 28°C, 160 r/min J&% 5 12 h, HEF4s
WK B A B.OE T, B LE R IA
3 mL WEERA R (BT R B 60%), FI AR B 2
e, 25°C., 4000xg 5.0 5 min 4325 40 4T
BRAT, W AR AN TR W, IR ESA A S E R A HE
FI| 150 mL $55E 3 A 0 40 5 A9 £ 0 5E (ODano)
[ 12 000xg B0 |22 5 min P kA
PR AL SUL

R FEIRERE IR T, AR B RES e T
5°C., 5 000xg &5.0> 5 min, FEET/KIEVE
2k, $RJ5iE I HE 7w TESCAN MIRA LMS 14

W 5 I e WL B 4 TR TE BT R R Y AR K
ARVE, I3 3 L sl 200-30 eV, ERAF IR N
2 pA—400 nA,
1.7 AEEBET LS HERIER
W RRTE IR o rh 557 36 h, J]
0.45 wm JEBEHUERF AN Al A E3Eor 2, b
TH WA AN TR A TR, 15 AR TR 53 25 31— R 9 — A1)
R, BRI A SR & B 40 mL, FHER R EE
9 0.03 g/L, 28 °C. 160 r/min IR EFF, TA
[F) Fg 5 Iz Bsf (1] (48 . 96 Fl1 144 h)HL _F 3l i, 11k
J& . FHAE B UR R S 615 R os 2R B a
[F)AE 25 A1 0 AN A T8 2541 ST R 7 ok
BRI I L R

2 BRS04

21 MMHREASEBEARETFIESERE

AW AIEREARE | PEBRARE | RS A SEAR AR
Z T -3 h Ay B ARAS 127 BRANE, @id CAS
B SR e R A T EA TR0, 7E CAS
I ARG 00 355 S b o B € 2 P ) Ry ik 3 Ak
(K 1), Zad ik B g3 12 R EA 72k
EETIMTAMRGR 2), W2 ERKDN, 7 1k
HPE H A BRIk AR T, A
ARSB02.CRSB01.,CRSB02 . CRSB03 ., CRSB05 .
CRSBO6 Fil CNRSBO1 .,

1 FBOHETE CAS KMIEFE FREKIER
Figure 1 Bacterial growth on CAS detection media.
A: ARSB02. B: CNRSBO1.
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FIR G F AP 2200 ExT 12 RANA AT 16S
rRNA JENAY 38 S5, KRl BLAST
XFEE, AR 12 PRI I T B i s (R
2) , U FE & 5 R E (Pseudomonas
chloroaphis). Pseudomonas frederiksbergensis .
AN KB ¥ M B (Pseudomonas  jessenii) .
Pseudomonas laurylsulfatiphila FIARF 28
W (pseudomonas sp.), VIFERMFFEHEER, 5
P s A R LA e S kA AR R D U
22 ESFEREBEEEKREKHREMKEE
8

AR A0 A0 B R A ™ A BE T % ARSBO2 Al

*2 TRERTHKBFENREREELR

CNRSBO1 P9 b 1 )7 4K 844 1 4t 17 161 7 2 05 4
Mo RRR 20 A B4 A A il 2 Ak 28 A 7 A 3 o
AN 2 fF7R . CNRSBO1 ERETE 0-3 h 4T
ARKAGRZEW, 3-16 h X HUERE, 16 h 22
JE MR AE KB S T21%; ARSB02
BRAE KAHRIRINE . 75 0-4 h A4 KAYIR g2
1. CNRSBOl WMEMIZEAIL " ERR I & T
ARSBO2, FifiZ5 B [B] (0 A4, A 4 BT 119 42 3 1A
TEPEPANL SU B HTHE N . 22 h BF CNRSBO1 B #k
B SU k%] 84.60%, A KFN &AM, i
ARSBO2 HH#EH SU N 67.07%, A ZEN I
i <k

Table 2 Siderophore production capacity of different strains and species identification results

TR G 5 (L7230 W BREARRE ) AR B GenBank &35 FLUE
Strain No. Source of strains Siderophore Strains of similarity GenBank Similarity
production capacity accession No. (%)

ARSBO01 o ++ Pseudomonas sp. S34 KY462015.1 99.93
Apple tree soil

ARSB02 o 4+ Pseudomonas sp. MG266378.1 99.79
Apple tree soil

ARSBO03 L 1 g ++ Pseudomonas laurylsulfatiphila ~ MW741536.1 99.65
Apple tree soil

CRSBO01 PRk 1 4 -+ Pseudomonas sp. MN400232.1 99.72
Cherry tree soil

CRSB02 PRk 1 1 -+ Pseudomonas sp. S34 CP019398.1 99.93
Cherry tree soil

CRSBO03 PRk 1 1 +++ Pseudomonas sp. MT026958.1 99.86
Cherry tree soil

CRSB04 PR 1 g2 ++ Pseudomonas baetica JQ236625.1 99.36
Cherry tree soil

CRSBO05 Mk 1 158 ot Pseudomonas jessenii LK391528.1 98.79
Cherry tree soil

CRSB06 PR 1352 ++++ Pseudomonas chlororaphis CP019399.1 100.00
Cherry tree soil

CRSB07 PR 1352 ++ Pseudomonas frederiksbergensis  MW391603.1 99.93
Cherry tree soil

PRSBO1 Mt 1152 ++ Pseudomonas frederiksbergensis  MW085012.1 100.00
Peach tree soil

CNRSBO1 R BE RS 1 g ++++ Pseudomonas chlororaphis CP050510.1 100.00

Chestnut tree soil

Ag/A, ranging from 0 to 1, adding one “+” per 0.2 reduction.
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‘Qo'égag%% ﬁg)m 118 2.4 pH MHEESE KA

2 g‘o"':éﬁ[s{fg%% Erng) ; 2 85 pH XA A KA 3 B & RS2 38

% g 80 'S MRS T H Bk ARSBO2 Il CNRSBOI £

- D pH 4090 AIFT A RRBLA 4), DRER

ggY 2 Hikk CNRSBO1 7E pH 6.0-8.0 {315 FEl A A 5 25 1

‘@f L H A I ) B R R T A B s TR

i 1A \‘ 00
101214 16 18 20 22 48
Time (h)

2 ARSBO02 #1 CNRSBO01 E#kEKiZ%k &
LbriEZE, n=3. T[F
Figure 2 The growth cure of ARSB02 and

CNRSBOI1.  Vertical bars represent standard
deviations, n=3. The same below.

23 EEXMAEEKAE

ok X 400 B A R R Ak R A i LA — E Y
oM, EdEE SRR E S T Wk ARSB0O2 Al
CNRSBO1 £ 25-45 °C44M4 T A KRB (E 3).
Wikk s sk ik H bk ARSB02 FI CNRSBO1 7
25-30 °CYE N A Fl TAE K, Ttk ARSBO02 Fil
CNRSBO! 7E 30 °CHI k1A ™A= g 1 ek, 4k
P M BN 43 R B 42.35%F1 56.06%, 41 JE
IR E] 45 °CHF AN B A K32 31 2 0], ek
BRARIE MR 5 A KRR — B

80 ==ARSBO02 (OD,,) 12.5
=70 ==CNRSBO1 (OD,,)

= =kt -=—ARSB02 (SU) 120 3
arE =—~CNRSBOI (S Y
# 550 i 155
ol il ol
- .

T E30r Lo &
®wEo0l S
£ 105 @

@ 10 f
0 0.0

30 35 45

?EF E‘l }‘-’L:

Temperature (°C)

3 IREXTHE ARSB02 F1 CNRSBO1 £ KI5
M)

Figure 3 Effect of temperature on the growth of
bacterial ARSB02 and CNRSBO1.

ARSBO02 7 pH 6.0-7.0 (130 Bl A &8 i 1 A= 1
i, pH 5.0-8.0 FYYE I kB4 A g 1 HEE .
LA KE, pH 5.0-8.0 21T, PIRRANTR AT R4
— 8 TG PR R AR/, TR ARSBO2 Al
CNRSBO1 £ pH 7.0 B4 B J1 feoit, 4%
BATEVERAAL 3K R 38.98% 11 48.77%, 24 pH {H
fIKF 5.0 Al 8.0 B AR A0 TR 1) A= K R ATk
AR S B R
2.5 FEEREAAE IR CR R H
N T A R E AR I W B B 7 A rh ik
ALY EL BT Al B i AR IR (B 5), 25
RIL0-0.300 g/L AWM, FiE A
YIHR SN, ARG AR T R SR R TR
Pk ARSBO2 758K ALY )% 0 0.03 g/L Inf A= ¥ it
5, ODyofE N 0.75, BEEREALYIHe S T,
WHRAIRE R A A, (A T RS bk
CNRSBO1 FHRAERR ALY 4 0.015 g/L B A=
W E, ODnofE R 1.11, ZJGHEYa Ak,

70 == ARSB02 (OD,,) 4
&3 CNRSBO1 (0D,

60 | —== ARSBO2 (SU)

5oL~ CNRSBOL(SU)

40+

30k

20}
10 b
0730 50 60 7.0 80

pH

ERARAARTE P Ao
Siderophore unit (%)

[
9.

4 1EFFE pH 34AE ARSB02 1 CNRSBO1 &
KHIFZ M0

Figure 4 Effects of pH on the growth of bacterial
ARSBO02 and CNRSBO1.
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L4 -5 ARSBO2
~ 12 acNRrsBol
10t
S 08t
0.6
g 04
Q02

i
D,

10mass

0 - = : :
0.000 0.005 0.015 0.030 0.150 0.300
R ik i

Iron oxide concentration (g/L)

5 SKEMNINTEE ARSB02 1 CNRSBO1 4 4
HIRZ T

Figure 5 Effect of iron oxides on the growth of
bacterial ARSB02 and CNRSBO1.

4 FL A 5 T S R A TR A T R R R P A R
BRI 6), 3% NS SEAN T 5 8 AL W AR B AR
FHERAE T A FI 0 2544
2.6 HHEKREATEKIUCFNL

i oL PR 1 S B SR Bk ARSBO2 FlI
CNRSBO1 & BER 4T 2RA s A5 (18] 7) , 25 9%
R, HAMAGEXT A EL(CK), PIRRAN T &
TSR] R MEVS M A A, Bl BT T 1 4
K, W aiii 2, Wik CNRSBOL 1 & BT
BRALYITRRE )= T IR ARSBO02, 144 h i}
#itk ARSB02 HI CNRSBO1 &R £k ik
FTE A2 A F] 12.99 pmol/L F1 16.50 pmol/L,

6 T (A)RAREES T REEK®B)
Figure 6 SEM images of goethite (A) and bacteria
growing on goethite surface (B).

= 20 r—e— CNRSBO!
E -=— ARSB02
215 CK
1%] 'E 10
gl
2 5r
S
Q
§ 0 1 J
0 40 80 120 160
Time (h)

7 B ARSBO02 #1 CNRSBO1 Sk (A3 $H k7"
BRI S

Figure 7 Dissolution of iron oxide in siderophore
solution produced by ARSB02 and CNRSBO1.

AR 20 TR TR R R A i TE AL RE ) 5
BREAA T AR T)— B, XU BT RR A B Y AR
B 1 SR AR ™ A i ) S Bk AA A B W S Ak
K,
3 itk

T A TEAE Y R K B R A e AR
AR P A VSOV L 2 A Ak AR A i
S R ANV I R B Ak SR T A AR P R P A RS
Bk, HESRAEYIRNT IAEE ST 2 BE T, R HEAE
P A P21

AN IR A R R A A RE B R I 25 5%, X
— 7 T R PR A 5 R S P e
F1Y 14 MREA TR RE T R AR PR AR AL T
HAREIAR =R RS HMED B
i VAT B 5 PRAE A LR ZEFLAT B v HSGI 1 TR Ak
BRI A 58 T v o A5 R A+ 18 4 25
G 12 MREA BRI AR e T kR, b
7 BRANTE HATECR R B RE T, CNRSBOI
PR LE BRI RS o oo — 0 T, TRARER A
A e ) 22 S 0 i R BB T A SRR R I R
pH &5 R AR BRI - AR R T EE R R Z
—, pH 10K 6.0 B} Z¢ kT 18 (Pseudomonas
aeruginosa) V¢ IEREER R M=k i ). Al A
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(Aspergillus niger) RL1 M)A R RS 55 5%
F pH 5.0%Y 7€ pH 6.5-9.0 f 7 FEl P9 I 5 7
(Pseudomonas sp.) SPF-1 BRIy 21, A
WFoE B~ , pH 5.0-8.0 [ [l 4% 5E ‘B W Ak
ARSBO02 #1 CNRSBO1 kA /7 A= o B2 X} 7™
BRI TR A A AR ER B A BE I A O
oW, 26-43 °C L H N fie & A B R
(Pseudomonas sp.) SPF-1 #REARE = A=, AR
F 26 CHFZ W LT A Ik A, A
[Hk ARSBO2 Fil CNRSBO1 7£ 25-30 °C3E [l 4 A=
Yyt PR B R o BRIKZ A, R BRI
452 J 18 1 S5 S X R AR R U P A RE A —
FOFENE , FROHCRT UL, e 3R A A A ] R R 2 A4
PR RE AT R 22 5, 5078 PRI MR A
IS ARTS R A ™ A B B W R R T
HAWTE

R A A AR AT DA S R /N
FHIE D, PR B AR Y AT (2 ik Rk
0L BRI B A5 B o R,
STV N7/ L -Se i b el Gl R V1B
S B A TR IE BB S, IR ) P Y
VP BRTE ARSI T, I T R B
BRI S B ATE n, BEWT Rtk ARSBO2
Hl CNRSBO1 X gk ALy 2 B AT — 5 WO AL A
M, X5 FIRSCHER PR IE 1) — B JR SRk
AR T RS Bk AR R 1 AL B A v
AL FHHEA TR A S5 2B, Ry S AE e {2 A
SR AL A A P T

4 Hik

B B AR BB —,
A A P BB A o A 452 Wi A 0 ) 2 A
WA . ARSI CAS A ARACHR 2 B
AT - S e 7 RN TR, 755%™ R A A TR X
TIRERAAY TR, SRR, R

(12 R PR AR A R34 IR A R i X kR
A7 A e S 808 B Pk ARSBO2 Fll CNRSBO1 5
RO R, AFEMET EE CNRSBOT #k#iik
FEAERE SR, 22 h BREkiR AL SU A F
84.60%; PRI PR TE AT ERAT B P 2 BB A AT M
A, HXTEREYIE — S LR . %S
S5 5 0 A O AR W R R T A R A 19 N 25
SE T RF2EIEA
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