TR A SR IR Oct. 20, 2024, 51(10): 4004—4017

Microbiology China DOI: 10.13344/j.microbiol.china.240046
http://journals.im.ac.cn/wswxtbcn Copyright ©2024 Microbiology China All Rights Reserved
o H
RS

=B B E M X K5 T B 8L

AR, W, EEN, FEET, AF

BEHARRS Bkl 5 R2ERE, 58 RS A 9 0 U5 O 30 R FH e A o S 0 28— S e e ] K o i 52
KRB E I, HreE PIHIR 843300

SRAR, b, SR, IER, SKRFIR. B AR RN A2 B T A IRHAPLEI[T]. A aE R, 2024, 51(10): 4004-4017.
ZHANG Wei, YANG Shuai, SANG Haizhou, WAN Chuanxing, ZHANG Lili. Iron tolerance mechanism of Sreptomyces
flavus[J]. Microbiology China, 2024, 51(10): 4004-4017.

B OE: (5] $RAMADERERMITLTH—FHELE, EEWIKRT A5 F%. DNA AT
e BRBET BB LR TR A2 ES). ¥ €485 1A (Sreptomyces flavus) TRM45540 2 —#k
SBAIBT A IANRKE, THAREIETRS T EA KB TM, KL BHK TRMA5540 &
L AR B T 8 e i S AE] B 2 &L, ( B #1387 Htk TRM45540 &% 4k & T Whi8 e AL
[ 7% ] VA E vk TRM45540 A AF A %, 83L& ISP4 RARIE I A i A0 R ) R & 69 AR I 4K 5k A
B E AR TRM45540, Fxtihid s 69 4 At w%%éﬂun' BE5at, WEEKS FTHALMHETEHK
TRM45540 7 %24k B T 4 of L ALE] . B B8 i 4248 %, 5 £ f% 4% (scanning electron microscopy, SEM)#=
BIESATIER NGB FHATRHLEAAOLES. LEAERALS TR, [ER] KRAR IR NE
(1-500 mg/L)#F= & FLER T4k A e & (2 500—4 500 mg/L)3¥4 A F| F H #& TRM45540 £ K, £ #i88 T 4%
& A 500-2 500 mg/L B 7T AL 3 B bk TRM45540 A F 09 R R, 1a#a F MR E| 457
BR T4k A An & 6938 Ao, B MR TRMA5540 B 4RI R K& JeSh IR &4 (extracellular polymeric substances,
EPS)A i, fEiEa4ERR T, EPS PA. KAZLSEH S, RAELSZHEIK, JEN EPS 4 %45,
RN ERER, % Fe(I/I)Mrb G £ F kLA R 5&‘-& ABCHiE A% . — A5 4%. %5
Fi 4. RAABAM . S H KRR, PR B MR 2 AMRE %, [44]13 #k TRM45540
Z 3| Fe(I/IN) & T i G, AR T A4 Ko -FoibHtdrh é'J @R @R % X EPS, BRR @
EPS 46 KE4 BT, MIEABTAR. RINBEL-ARFTTARAL, BI— AP WIS THiAH
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Iron tolerance mechanism of Streptomyces flavus

ZHANG Wei, YANG Shuai, SANG Haizhou, WAN Chuanxing’, ZHANG Lili’

State Key Laboratory Breeding Base for the Protection and Utilization of Biological Resources in Tarim Basin
Co-funded by Xinjiang Production and Construction Corps and the Ministry of Science and Technology, College
of Life Science and Technology, Tarim University, Alar 843300, Xinjiang, China

Abstract: [Background] Iron is a microelement essential for the growth and metabolism of
microorganisms, playing a role in vital physiological activities like respiration, DNA precursor
synthesis, gene regulation, and response to oxidative stress. Studies have confirmed the
tolerance of Streptomyces flavus TRM45540, an actinomycete strain isolated from Lop Nur in
Xinjiang, to ferric ions. It is of great significance to elucidate the response mechanism of S flavus
TRM45540 to iron stress. [Objective] To reveal the iron tolerance mechanism of S flavus
TRM45540. [Methods] S flavus TRM45540 was cultured in the ISP4 liquid media supplemented
with different levels of ferrous sulfate. Transcriptome sequencing was employed to explore the
response mechanism to iron. Additionally, scanning electron microscopy and energy spectrum
analysis were employed to observe changes in mycelial surface morphology as well as
elemental species and content under ferric ion stress. [Results] The supplementation of ferrous
sulfate at low (1-500 mg/L) and high (2 5004 500 mg/L) levels had negative effects on the
growth of S flavus TRM45540. However, supplementing ferrous sulfate at 500-2 500 mg/L
promoted the biomass accumulation of S flavus TRM45540. With the increase in the
supplementing level of ferrous sulfate, a large amount of extracellular polymers substances
(EPSs) were generated outside the mycelia of S flavus TRM45540. The energy spectrum
analysis showed increases in the oxygen and iron content and a decrease in the nitrogen content
of EPS, suggesting a polysaccharide composition. The transcriptome analysis showed that
differentially expressed genes post ferric ion stress were associated with multiple metabolic
pathways including the ABC transporter system, two component system, ferric ion transport,
amino acid metabolism, glutathione expression, and porphyrin metabolism. [Conclusion] The
ferric ion stress induced the secretion and export of biomolecules to the cell surface of S flavus
TRM45540, leading to the formation of polysaccharide-based EPS. The EPS was complexed
with a large amount of ferric ions on the bacterial cell surface, thereby impeding the influx of
ferric ions. Additionally, the activation of the two component system triggered a cascade of
responses to ferric ion stress. This included upregulation of acidic amino acids, enhanced
synthesis of porphyrins binding to ferric ions, and increased biosynthesis of cysteine and
glutathione involved in ferric ion removal. These pathways coordinated to reduce the cellular
damage caused by high ferric ion levels.

Keywords: ferric ion stress; Streptomyces flavus; transcriptome analysis; energy spectrum analysis
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BROTR I A AR S R R
ERRELEMEM . ERMEYFRAER . 3
RIS . DNA FIA S BBt A0 0 B0 i
K2 5%, BRIL IV Z A 2T 1 o i
W B A JEOC R, AR A €0 R A A
ALY AL . 1 AL A S R
MG AENE W s b R s B CEEMIER, HIge
F BT HNEBAY Fe-Cu X4 J@ &P S .
X —REIR 1) 37 67 A5 BB A% e A3 b A AR i
K, DT TE AR ) A B I A ok 8 v A 4 2 G i 2
R R,

BR T FRVERISE, BROGE 5 A i 3
Rt XY RS S B HEME ., DWTTIRE
(Salmonella) il , HAK R85 i i VS AL T RE
B E AT IIAY 436 A2 St (type 11T secretion system,
T3SS)AEME. T3SS FEVDT] QIR YL semg rp &
PEAEFEZEIEN, K, $ooRXS T3SS WM
UM EL RO E T X R A0 T ARV RED . 1
2K B JHAA v [ (Burkhol deria pseudomallei)
AR 3 B T pvdA JE R g B 1) 55 2 iR -N 5 -
IR orbA JEPR i 1 S AZ AR, pvdA Fil
orbA FE R B IF A 52 R R B 7 (0 T 6 R
KW FTFE (Escherichia coli)d fyuA JEDH A9 iR
S T R IEAET, fyuA 5 K
FEBAE D BT A an i st ™, e
25 1Hh 47 5 (Bacillus pumilus)H, Fe(ID)Fl Fe(III)
AT DA i AR B B R R i 8 AR
07 S R L A ) BT B s TRDBE, - Fe(ID) 1
Fe(IID ¥ HE 2 & 18 = 25 W &5 i A1 i L A Z 8 9
PRl BRE PR ANk T R, Hil X
PIER IR X M A — & M. YA N 8koT
Romid 2, Il o 2 AR K R R
H ST R 41 2 A — FR 8 N SR
X AR H B E . BT TR
Yy i) EE A, (R ES Shy S Rk A W T

B YA S E E RIS R, MR
R v e A i LA R . HRT SR
£ TR X K T A2 AL B SCEE L, iR
7 i TR i 37 T 4 IR B T I S A &, N £
i I (Cupriavidus gilardii) CR3 7] LA i 3% &1
JE AR B, L 2 AL o AN R A W 4
A T S T E R - IS E STy cSun
AN, BRAREE L 2 bR A B H RAC L Fe-S
e 0 R N B A, R B E N

T (O4% 5 1# (Sreptomyces flavus) TRM45540
JE—FRA B F BT A I Rk R R
R T A ST & B, [ 15 %3 R U I R 2k
A DLER B bR TRM45540 IR % D 7 i,
TERR R 3 2k AR IR BE 4 1000 mg/L B, 38006 T
ZIHBALA YR TR IE R £k, FEHE
PRI AR TRM45540 X i 7 HA AR i i g sz 4404
ABFFE LA R TRM45540 HBFFEXT4, @it
3% 357 3 TR A [R] e 2 B4 B 1 IV R Tl a T
TRM45540, FXF Wil Ji B RRAS R A 55 Sl 20
53081, HRRHE MR TRM45540 fit 528k 55 1 i
{14 ) 157 AL 1

AR

1.1 ##
1.1.1 F#k

WO 555 TR (S flavus) TRM45540 984
7 A B BR3P DR LR A R
S Rt
112 #EHE

B RS R (D)™ AR 20.0,
K,HPO, 0.5, KNO; 1.0, NaCl 1.0, MgSO,-7H,0
0.5, W B 1.0 mL/L, 35015 18.0 g, pH 7.0-7.2,

ISP4 #5373 (/D)™ IR METER 1000,
K,HPO, 1.0, MgSO,-7H,0 1.0, (NH,),S0,4.0,
NaCl 1.0, CaCOs 1.0, pH 7.0-7.2,
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1.1.3  FEAFFUEE

B R % F A R A IR, v [ R 24 4
A4 B2yl ; SweScript All-in-One First-Strand
cDNA Synthesis SuperMix for qPCR (One-Step
gDNA Remover), BN FEAE /R AR A FRA A
#5785 (scanning  electron microscopy,
SEM)FIREIEAY , Sigma /4] ; T IBOLETEY,
Byt wl
1.2 EHEESR

R TRM45540 FERIE R [C— 5 [ 1435
FiIk 1,28 °CIEIES IR 7 d J5 R 4 °CUKR & H
1.3 FEIKE TR L # Xt & # TRM45540
FYERFN

B bR TRMA45540 3R T I AN [F] e 4
PPk (1. 100,500, 1 000, 1500.2 000, 2 500,
3000, 3500, 4000, 4500, 5000 mg/L)#J ISP4
Bk 28 °C| 120 r/min 8555, MR SEE
3T, DIJCEKRY ISP4 B3R xT IR, 1555 7d
JEZ i 10 000 r/min #5.0> 10 min B, 2
BITK R URYR 3 I, e T, FRadiffd T,
14 AEHEHREENEFE EERRKEFIRE
HIME

B B TRM45540 42 50 T35 T AS 7] e 52 A7t
MR A% 1 ISP4 35 37 Jevh 15 3% | e IR 3 I REAS (i
BRIV RIS e R 1, 100, 1 000 mg/L), fidifH
BT W ST A I 3 ANREASAS ) 5 37 B a] (0
12, 24, 48, 72, 96, 120, 144 h) FiF@ P4k
TUSE
1.5 B 5b 22 & ) (extracellular polymeric
substances, EPS)HI 2 S W 22 FN g€ & 43 47

F SEM WLEE T ANl BE BRIV 2% (1. 100,
1 000 mg/L)AbFE 7 d J5 Bk TRM45540 21 ffd 3¢
T 28 Ak o FHRETE AU TS AN [ e B Ak 92 I
BRI T AR IR AL S o5 il . Fie
AR RE 3 IRER

1.6 MFHEREE
KAERmIR—S 53R B R 7 d MK
TRM45540 (A 1 mL #L3THC 3 ANEDE, R
AR R R R — SR SRR 150 mL/500 mL),
28 °C., 120 r/min }53% 4 d ZRPF-I0 (0 52 PHH B%
o, BRI 4% R Rl R TSN [ v B
BRFR A% (1 mg/L. 100 mg/L. 1 /L)Y ISP4 JE55
FECEEW R 150 mL/500 mL), 28 °C. 120 r/min 3
& 7d J5 12 000 r/min 5.0 3 min WAERIK, &
TR AT R S 2 2 R R SO RN
A PR EFEAT IS 2200 RNA SR, Bk . 2l
EESRA M o B SR A R R A NMDC10018498
17 68 76 B K 04 90 B 2% $08s 0 (National
Microbiology Data Center, NMDC), %% &

https://nmdc.cn/resource/genomics/project/detail/
NMDC10018498,

1.7 R RE TG

JE A% A S RNA Al mRNA AR gest
PEW T, 05 45 3 0 R s s e i — 2 L IR S
1535 clean reads. I H 2 % HIN A K 5], 4 clean
reads 55 BSL R A 47 Ho X LASRAS F F I 42
ST Y mapped data (reads). F&F 1 I 4347 Y
DESeq ¥ fFifr4tit /04, & X|log, (fold
change)[>1.5 H P<0.05 LA#f5 0 &% FHRIARE
It AT JE 28 4y M o 1 W (lumina
HiSeq'"'2500/MiSeq"™) 15 21| it Ji 4 A5 040 SC
4 CASAVA T A ] (base calling)7Hr % fk
R JE AR T 7 4 (raw data 5%, raw reads). I 5X
i 04 BT A VPAL — e AT = T R A - (1) BR
% reads TR FHSLWITA R (2) BREARR
N B (0 20 8 T AL AR BN 2R N ) L 4
KT 10%H reads; (3) BREMLFIE reads (JiT &
fBH/NF 20 P31 & 50%LL 1)
1.8 EFXREERE D

WX 3 AREARHAT T, Geit 3 AFES

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



4008 WA

IR R Microbiol. China

HAgASBE R FPKM B, i1 edgeR 18 BUx#F:
o (8] 1Y 22 5 (B 1R & B, false discovery rate
(FDR)<0.05, 2255 4>2). X 2 5 Je ik B K 43
% #E4T gene ontology (GO)Mfig & & 73 #r #il
KEGG i i & £ 70 #r
1.9 SERPRILEE PCR WIE

R B UERG s 20 AR A T RE R, TE TR
SSRGS A IERE . iR E PR
X 3 ZACHHE A BEN LR 2 EE
(FM21 RS26175 . FM21 RS16470 . FM21_
RS16455. FM21 _RS10065. FM21 RS28695 .
FM21_RS28700)/] RT-qPCR KilF RNA-Seq 45
i I TR IR AR RO FRA F A2 77 ) RNA
FEBORIZIL 3 ARG (e AL 3 DMREA)E
RNA, BN 3 MY RA] SweScript
All-in-One First-Strand cDNA Synthesis SuperMix
for qPCR (One-Step gDNA Remover)is il &
FEWAF I RNA 22 R DLTT B A4 3 S 3 s
cDNA: 5xSweScript All-in-One SuperMix for
qPCR 4 pL, gDNA Remover 1 pL, total RNA 10 pL,

x=1 3MER

RNase free water £ & £ 20 pL, S5 5514 .
25 °C 5 min, 42 °C 30 min, 85 °C 30 s, RT-qPCR
Y1 LL 16S rRNA JERRIkFE NS, )
MWK Z : 2xSYBR Green qPCR Master Mix (None
ROX) 7.5 uL, 1E M5 14)(2.5 pmol/L)4% 1.5 pL,
cDNA #42(10 ng/mL) 2 uL, ¥ 7K 2.5 uL.
TE CFX Connect Real-time PCR Detection System
(Bio-Rad) ¥ % b HAT 40 T =25 9™ 4 S A
F: 95°C30s; 95°C 15s, 60°C30s, 404
G35 65-95 °C, % 0.05 s FF+ 0.5 °C; 16 °C
TR-AE . ARG, 1 AAC kit B AL 1Y
X FRB . S IR 9 3R 1.

2 EREGHN

2.1 BE¥ TRM45540 XFHiHES TF 8k it = 4
S

B % W B R AR U N vk BE S TR RR
TRM45540 W e RZWE 1 iR,
PRIRE TRM45540 78IV B 1 1 Ve 5 Mt 7 S 2% oy
R FHA K, BRI ARG N

Table 1  Primer information
Gene name Forward primer sequence (5'—3")  Reverse primer sequence (5'—3") Description
FM21RS16470 AGGACCACCACCTGGACAACC GATCATCTTCATCTGCGGCGAGTC  Decarboxylating
6-phosphogluconate
dehydrogenase
FM21RS16455 CGTTCGAGCAGCTCCACAAGG ACCGAGAGGTAGAAGGCGTAGTTG Glucose-6-phosphate
dehydrogenase
FM21RS10065 GGCGTGGACAAGATCGGCAAG GACGAGGGCTACCGGAGTCTC Uroporphyrinogen-III
C-methyltransferase
FM21RS26175 CGCAACTACGAGGACGCCAAG TCGGAGAGCAGCGAGTGGAAG Glutamate-1-semialdehyde
aminomutase
FM21RS28695 GTTCGTCTTGATCGCCGTCCTG GTGAGCAGCCACACCTCGTTG Cytochrome d ubiquinol

FM21RS28700

16S rRNA TTCCTGGTGTAGCGGTGAAAT

GAGCAGCAGCCGATGAAGATGG CCTCGTTGGTGTCGTTGATGCC

GTGGAATGTCGCCAACACCTAG

oxidase subunit II
Cytochrome ubiquinol
oxidase subunit I

Reference gene
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Biomass (g/L)
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Concentration of ferrous sulfate in culture medium (mg/L)

1 REREFBER IS ER TRM45540 £ )8
Al

Figure 1 Effect of different concentrations of
ferrous sulfate on the biomass of strain TRM45540.

500-2 500 mg/L i}, FE#k TRM45540 (149
eHF1E 3 g/L WK, BRI Bk IS ik B2
1 000 mg/L i, Fkk TRM45540 A= ¥t fie i,
LT 2 o R SR 1) B RS IR 2 4 500 mg/L
22 A EIEFATEIEFE LFRE Fe(ll)
BFRE

2 ARG AR I, R SR i 2
RRKWZ G, P TBRERR Iniat, b
TR T I REA IR 1k B LT
MR T WK 2 iR, #E 0-72 h, BT
R MR EEDITEIRA, BRI R
72-168 h, T Hkk TRM45540 7E4= K Ferd

Amount of ferrous sulfate
added (mg/L)
| —e—1
——100
——1 000

N

S

culture medium (mg/L))
[\

log,, (Fe(III) ion concentration in

|
[\
O o

5‘O 160 15.0
Time (h)

2 FREHEFEEEFE EEFER Fe(IDE T

RE

Figure 2 Ferric ion concentration in the supernatant

of culture medium at different culture time

FEIR, FEFRM pH REAK, REFRBUP B MR T
WP TV T R o
23 AEIREFERIEAEM TRM45540 RH
T2 75 B M) |2

iz ] SEM WA FER R AR IR BE Ry 1,100
51000 mg/L AFH5% 7 d T Fikk TRM45540 FI40
MBS LSRN A L. W 3 iR, FEBINAFE
WREERR IR R I KR SR T SEM LR 21| B bk
TRM45540 43 ISR A YI(EPS) A B 3 22
Sl BEE A BRI A AN A BE s, R
Pk TRM45540 18 FI ISR &P 2 IE k.

3 RMARELKRETRER L KIS 7 d EE K TRM45540 B4 HE FEMRRA

Figure 3 Scanning electron microscopy of strain TRM45540 mycelia incubated for 7 d with different
concentrations of ferrous sulfate. A: 1 mg/L ferrous sulfate. B: 100 mg/L ferrous sulfate. C: 1 000 mg/L
ferrous sulfate.
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24 AEHRERERTSKAIEGER TRM45540 1 000 mg/L 451k TR FRA R TRM45540 4154
BEIZ{Y (energy dispersive spectrometer, EDS)AY  #17 EDS REIEEI 44T, ilEl 4 FroR, Wbk
BEIL AT TRM45540 4w R KIS T ER T R T

XPTERG SR P IS AR R B oy 1,100, 5 FZRY, A —EmMaET . SR

A 1.60 Element Weight (%)

C Kal
144 CK 48.32
1.28 NK 19.32
; 112 Ca LBl OK 22.12
< 09611 Naxpi NaK 341
2 0801 \oka MgK 0.59
§ 0.64 ? Kal P El(u] X PK 4_84
048 Mgat b, Xl : SK 043
032 K Kal = b
K KpI KK 0.27
0.16
Ca Kp1 CakK 0.70
0.00 = -
0.0 1.7 3.4 5.1 6.8 8.5 10.2 11.9 13.6 15.3
Energy (keV)
B 133 i Element  Weight (%)
' C Kal CK 45.72
2.961 [caLpt NK 15.20
2,59 |Calal OK 29.08
= 222} | Nakp NaK 2.56
= 1.85t0Kal - MgK ?'5_6
% agl| | Nakal : PK 4.64
& | |FeLpl PKal : SK 0.14
L1 Fe Lal J Kal K Kal e . N KK 0-20
0.74 K2l Kulpﬁ(m“ CaKal Cak 1.25
" :i. ! K Kp1 FeKal Fe K 0.63
ggg KB R ka1 gakpl _ FeKpl = o o
700 1.7 3.4 5.1 6.8 8.5 10.2 11.9 13.6 15.3
Energy (keV)

C  3.00f |¢ga ' Element Weight (%)
2.70 CK 47.47
240 | e NK 9.76

210} Ca LBl OK 30.53
3 180} | Nakpl NaK s
S 150 QK e L
g 1.20 l | NaKal PK 4‘44
8 "TIN Kal PKal SK 0.04
0901 k1 p1 pheyy KKal 5 ym KK 023

0.60} | | Mgkal Gl CaK 0.62

aLal SKBl K KBl Fe Kal - 18
0.30F | M2 Kp1g ) CaEH LF i FeK 3.81
0.00 6 = -

€
0.0 17 3.4 5.1 8 8.5 10.2 11.9 13.6 153
Energy (keV)

4 AREIREMBRIEKIEF 7d FH TEK TRM45540 B RETE[E

Figure 4 Energy dispersive spectrometer spectra of strain TRM45540 incubated for 7 d with different
concentrations of ferrous sulfate in culture medium. A: 1 mg/L ferrous sulfate. B: 100 mg/L ferrous sulfate.
C: 1 000 mg/L ferrous sulfate.
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773 R R ) SN 1 1 K L [ S ) -3
P 2 Tk R 2K W38 5 7T bk TRM45540 (1) EDS RE
W I T 2 MRAE S (R 4B, 40). XRIIE
BRMATR, EFE TRM45540 41 i 2% 1f 430 1 it
SANRG WA W T8 T 1 H N JTER i ek
A, CInFE G AN, O JoE b s,
DZ AN 531040 1) 6 BE LA M 22
2.5 EFRENFHEHIEM

f#i i Tllumina HiSeqTMZSOO/MiSeqTM I
AN [ R 3 i R IV 2K Pk 31 )5 R TRMI45540
) cDNA SCFEDEAFsRAMF, 3 A SCFEMFEA
ARBUE LR 2, 3 2 AT 0L, BEASFEAR Y clean
reads HLRIITE 98% LA |, Q20 {EAI7E 96% L) |,
Q30 {HIFE 91%LA |, G+C FREAE /BT
67%LA |, RN AEG R, I A R R
AR, fRE 2ok,
26 ARKEREILSKLIERE K
TRM45540 = 7 FRIAEFHH

£ 100 mg/L B2 W2k WhiE T~ , W
TRM45540 45 1 401 PMREEEFREK, Hp

4011
x2 BEAFEREBRRA—RNER
Table 2 Output data quality
Sample names FeSO,_ FeSO,_ FeSO,_
1 mg/L 100 mg/LL. 1 000 mg/L

11 643918 13284110 16 014 558
11 499 642 13 082 134 15806 616

Raw reads
Clean reads

Clean ratio (%) 98.76 98.48 98.70
Q20 (%) 96.67 96.81 96.92
Q30 (%) 91.69 92.04 92.20
G+C content (%) 67.04 69.16 67.89

300F

. .e
e
.i' ) i L |

23

-4 -1 1 4
log, (fold change)

Raw reads: G011 R 4R T 544 ; Clean reads: 1§ J5 1 reads
$(H; Clean ratio: Clean Reads 7F raw reads H* i (5 B¢ HL 491 5
Q20. Q30: phred $rfiEi kT 20, 30 AYBEE 5 SAABRIE A 7T
43t; G+C content: (3E G 1 C i BILE H /3 L

Raw reads: Counting the original sequence data; Clean reads:
The number of reads after filtering; Clean ratio: The
proportion of clean reads in raw reads; Q20, Q30: The
percentage of bases with Phred scores greater than 20 and

30 among the total bases; G+C content: The percentage of
bases G and C in the total bases.

997 MIER PR B, 404 IR FE TR FE
1 000 mg/L BifRWELIHA T, ik TRM45540
A 1459 PMER 22 e kik, Horb 886 AL
ik L 573 NEERFRIE T IHE S), X i B R b
TRM45540 X8k 25 38 Bk

300

-4 -1 1 4
log, (fold change)

5 ARIREFRBERIKAIE 7 d FEHK TRM45540 =7 RIAEE N E
Figure 5 Volcanic map of differentially expressed genes of strain TRM45540 treated with different
concentrations of ferrous sulfate. A: 100 mg/L ferrous sulfate. B: 1 000 mg/L ferrous sulfate. DEGs:

Differentially expressed genes.
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27 ARKREFEILSKLEREK
TRM45540 ZERFIEEER GO FREN

X EEFR R TP IR R M B FeSO4 Wi F 22
FRIBZFEET GO M kB, 76 IR 2SN
Wl 100 mg/L WA T, FEAYFd s
b K 5 iz i . e lDimRACHs . BN RRAEM &
B HORRAE YA A A0 B AR A s AR
TRV RS IR N 1 000 mg/L (AR, 44
R EEA ARG A G AL
AR . RIRAC . /N A R 2 B R 4G
S (1E 6).

T IRE I, FERLIR ARV Ik
9 100 mg/L (AT, EZ4 T IREE I K
3- AR A - [0 L AR 2 A B P . BB DR
A RSV | 12 500G S FZ i DNA 2564, 1
BB W AR TN 4 1 000 mg/L WA T, &
BT IR AR K AE AL SRS . i B
TEEA TGRS A%, B 6 BR T 30 & i
BEMFKH.
2.8 A ENKRE FeSO4 B TE K TRM45540
EFEER KEGG B

KEGG & % 7 M vl Lo I A 2 B 1 Ak
TRM45540 X R 1 ] 45 AH 56 3 P B A1 J i
HE5 GO B AFKZE, KEGG B&Es
BT BE A% 14 BH 25 S5 2% 35 BL AR AS TR 0 3 fi - 1)
wAEEN

KEGG &R HRY, e IR ARG ik
FE2R 100 mg/L WA T, 5k TRM45540 [if
Z R P R T 54 I KEGG 1) AR U
LR R BRAR YO . IR = i £
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Figure 6 GO enrichment analysis of up-regulated genes after addition of FeSO,4. A: 100 mg vs. 1 mg. B:
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Figure 7 KEGG pathway enrichment analysis of up-regulated genes after addition of FeSO,4. A: 100 mg vs.
I mg. B: 1 000 mg vs. 1 mg.
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Figure 9 The iron resistance response mechanism of strain TRM45540 under iron stress.
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