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Transcriptome analysis and identification of antibacterial
metabolites in endophytic Streptomyces sp. SAT1

MA Huici, WANG Sha, DONG Yue, ZHAI Keyao, MA Yuchao

College of Biological Sciences and Technology, Beijing Forestry University, Beijing 100083, China

Abstract: [Background] Endophytic Streptomyces sp. SAT1, isolated from the roots of the medicinal
plant Adenophora trachelioides, exhibits strong inhibitory activity against plant pathogenic fungi and
bacteria, which has great biocontrol potential in agriculture and forestry. [Objective] The inhibitory
effect of SAT1 and the types of active substances against bacteria in different media were revealed to
provide theoretical basis and technical support for its biocontrol application. [Methods] The effects of
medium components on the biosynthesis of antibacterial metabolites were investigated by measuring the
antibacterial activities of fermentation broth and the mycelium extracts. Media with high or no
inhibitory activities were selected for fermentation, and transcriptome sequencing of the mycelium was
performed to analyze the function of differentially expressed genes. Moreover, ultraviolet (UV)
spectrum and ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
were used to identify the components of active substances. [Results] After fermentation with 7 commonly
used media for Streptomyces, the fermentation broth and the mycelium extract from TSB, GS and R5
media did not inhibit the bacteria, while those from PDB, ISP2, H and MS media had strong
antibacterial activity. Transcriptome sequencing analysis of PDB, ISP2 and TSB fermentation bacteria
revealed a total of 3 567 differentially expressed genes. Kyoto encyclopedia of genes and genomes
(KEGG) enrichment analysis demonstrated that most differentially expressed genes were enriched in
metabolic pathways such as global and overview maps, amino acid metabolism and carbohydrate
metabolism. As compared with TSB, 18 and 5 up-regulated genes were located in the biosynthetic gene
cluster of moenomycin in PDB and ISP2, respectively. With the standard as the control, the main
antibacterial substance was identified as moenomycin by UV spectrum and UPLC-MS/MS.
[Conclusion] The biosynthesis of active secondary metabolites in SAT1 against bacteria could be
increased by optimizing fermentation medium, with moenomycin analogues as the main active substance.

Keywords: differential gene expression; secondary metabolites; moenomycin
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1.1 #HiAERANERE
BERE TR (Streptomyces sp.) SAT1 LS| 4%

O 2 ER T (Staphylococcus aureus) ATCC 25923,
1.2 RBEERE

ISP2 JR L0, MS gL, TSB K%
U @WK —SRFRILG); WGP R
FE(H) (g/L): "I EHEVENT 45.00, 8 EHFkY 25.00,
NaCl 1.00, K,HPO4-3H,0 0.20, Na,SO, 0.10,
FeSO47H,0 0.01, CaCOs 3.00; R5 3535210
SCRR[11]BCH 2 1.636 MPa KB 15 min & 4:5f(1 L)
RhnA: KH,PO, (0.5%) 2.50 mL, CaCl,-2H,0
(5 mol/L) 1.00 mL, L-fH%}#£(20%) 3.75 mL,
NaOH (1 mol/L)¥ pH {H £ 7.3,

1.3 SAT1 W& ERIE 7

H—80 °C {171 SAT1 [# #k3E R T ISP2
BRI b, 28 °C #5597 2 d, BREUEAL)S T
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1.4 BEAZEEUIRIF) & FHNEE M4 A4S
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HRE TR, B0 5 M AR
WA THAIEUE 2 Wa, —&85 T HsE vk
PRSI, — 3 R R S R T80 °C UK
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RRZE BT A A 1 g S IR 2
I 8 mL B HBE, B S F s F
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SR 108 A4 3 VTR A B K TR
k7 10° CFU/mL A4 4 B £ 4 2 BR 18 74 ¥ 200 pL
AT E LB #5575, TR ERMK S, A
JEH EAR 0.5 om JEACH AERE R, 0
B 10 pL & PR (LA TG TR 7K A %o B ) sk 1 1k 2 B
Py (LA HY B SRy XoF BEO) T B0 AE AR B iU 4R A b
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37 °C H5 4% 24-48 h J5 WA I Bl K/ .
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FEl N 50 °C, A SRR Y 10 °C, WSl
A NN S NEERIRIATRE )y 2:8, i shitH B
5 mmol/L ZMREEIM/KIEWL, Wi h 0.2 mL/min,
HEFEARFRCA 2 uLo B B VR IRAR P24 : 0 min, 20%
WhAH Az 3 min, 20%MRIAH A 6 min, 40%
(I SNAH As 12 min, 90%M 384 A; 15 min,
90% TN A; 15.1 min, 20%MIFEIAT A;
19 min, 20%MA SAH Ao BRI 22 50n; s il
(multiple-reaction monitoring, MRM)#) i & -
iz, HLWE%E 2 - (electron spray ionization,
ESDHLJE —4.5 kV, BRI 500 °C, A
30 psi, WIS URH BN TN 50 psi.

2 X504

2.1 SAT1 E#k & BIEF EIERE

B % 5L B3 RS T A % 5% B T R A
W= A R ELA AR U e 7 R
A H R B IR 5L R s 5% SATL, B4R %
o WU 2 TR I TR A 2 BB A AT 1, DATCTRZK A
FH A R BA X BE DA 10 ug/mL ) moenomycin
VEBREXT BR 235 SR W40 B P fi it 2 PDB
B AL, HOROR ISP2 3530k | ATV Ik UE M Ry ik
TR 2O R R LM MS i 5R2E, TmPA TSB
FEAREL R RS R AR RS B IR A TR A A
By K S T LT Jem e i R (8 1A)
2.2 NFEIERE TR

Y5 T AR e T 435 % 5 e 1 TR 3 4 B )
A, ERRMEEEE R 2 FhEESREL(PDB H
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1T SATI (R BEREFR, Nk BER AR A 727G S 1N
J¥, e SRR, RIS P
BRI RAR R IR A 15.07 Gb, 34
BAFEM 1.67 Gb, T UEAR BT B 88 5 - X A

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



RS WAEBERE IR SAT1 Fe 0 AN i A Qs 1 i) 45 3297
A 2s
= Fermentation liquid ISP2  PDB  TSB
e 20¢ = Mycelium extract Fermentation liquid n.n
S 15t
g
% 1.0 Mycelium extract D nn
2
05 I check " e
. [ Control chec | .59

PDB MS ISP2 H TSB GS R5
Culture medium type

B 1 TRLABEFAENNEIRER A

CK

ASTA] 2 B 1 97 5 vp B TR A6 B A 40 o
B: ISP2, PDB Fil TSB %373k H & Wil A AL B R SC 30 25 5 . TG AKAE by & I o R

Moenomycin H,0 MeOH

LR
IS

AR I . H oM B G PR IR 2 GS MR R— SR dE . ASRE 3 4 P17

Figure 1

Experimental results in different fermentation media. A: Experimental results of bacteriostasis of

extracts and fermentation liquid in different fermentation media; B: Experimental results of bacteriostasis of
extracts and fermentation liquid in ISP2, PDB and TSB media. Sterile water was used as the control of
fermentation broth and methanol as the control of thallus crude extract. H is soybean cake powder culture
medium; GS is Gause No. 1 medium. Three parallel groups were set up in this experiment.

FESEBR ARG S 1.64 Gb, 45 PDB R 5L L 1
() SAT1 3 f5 Q20 2 Q30 HJ KT 95.05%,

B IRE R T 0.02%, GC & KT 70.17%;
2 ISP2 HiFRILAMEM SAT1 WP Frf3 5 ds iy
Q20 1 Q30 ¥J KT 92.31%, BFEAHRRAT
0.03%, GC &t KT 69.03%; %4 TSB kHH:
FRH RN SAT1 M FrfS4ds Q20 Fl Q30 3
KT 95.19%, BHEAIRZFRT 0.02%, GC & &

FT1 HREANFR=E
Table 1

The quality of transcriptome sequencing data

KT 69.49% (£ 1), LA 25 F 0L AR
AEE, ATRFIRERA T
2.3 EREREMTFIE

= 3R R R T T A 1) PR SR e 4 R R
By, Ay 2ERRAENE 3 567 4, HhRit
FRIER 117 4N 2A). 78 ISP2 B5 37 LA TSB
BRI vs Th, 225384 1387 4, udh L
FEIR 862 ANFI R IEEEIN 525 4; 7E PDB £ 5L Al

B2 ¢

Sample Raw base (G) Clean base (G) Q20 (%) Q30 (%) Clean reads rate (%) Error rate (%) GC content (%)
Pl 1.63 1.60 98.31 95.06 98.28 0.02 70.44
P2 1.87 1.83 98.33 95.19 97.84 0.02 70.22
P3 2.04 1.99 98.25 95.05 97.72 0.02 70.17
11 1.60 1.56 97.20 92.44 97.69 0.03 70.38
2 1.42 1.40 97.17 92.31 98.10 0.03 69.03
I3 1.28 1.25 97.32 92.66 97.70 0.03 69.87
T1 1.55 1.52 98.32 95.20 97.87 0.02 69.49
T2 1.95 1.92 98.34 95.19 98.41 0.02 70.12
T3 1.73 1.70 98.41 95.34 98.23 0.02 70.06

7E: P. PDBHJRIE; 1. ISP2 H5J73E; T. TSB HigRdt
Note: P: PDB medium; I: ISP2 medium; T: TSB medium.
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TSB 5573 (P vs T)H, 225733 918 4, 15
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24 EFFEEEKEGG BEEEDH

Xf % R B BN T KEGG @ g i, 22
S LR 3 AE 2 (metabolism) . 15 4% {5 B
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systems)iX 5 P332 H
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7E KEGG BB s 4, b 84.4%1 2%
SENEETR®ERE, SERERENE
I R WAL &9 (type 1 polyketide structures) I

A
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374 267 235
504 I 299
467
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Differential genes

12, 14 #1 16 JLRIFNBEEZEAL S V) (biosynthesis
of 12-, 14- and 16-membered macrolides)55(1%] 3A).
1E P vs T HXdih, $Ay 553 2R AE N1
KEGG % e i3 2l s 46, Hirb 88.6%H0 22 57
WE £ T, FERERRAWRE TR
RELAPIR 12, 14 FI 16 STCRIANERRILA
YHEY &GS (B 3B), XA IR IR
GAR 7 ) 2 i R TR A TR R B
Mo AEP vs THXFAH, Sy 711 422 738
1E KEGG il s PR 2B 5, Hoh 86%01) 22 5 4k
Wt TRgie. SERERm®REEE
ANEIR . KA AR R A5 (alanine,
aspartate and glutamate metabolism). % NE/C 5
(pyrimidine metabolism), ] B2 ZEfL il (butanoate
metabolism) & JIg lij @ﬁﬁiﬁf(fatty acid metabolism)
S, KLk AR AT AR R TR AR T BA K
GACHNE T W R ET A, AT REAS [A) AR B b5
M 410 R RCR (18] 3C)
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1500 I Total differential gene I
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B2 ARILEEFRES SATI EHREREALSH A FERBZERERNTEE; B: a6 255 H
EIAFIR IS L. Pvs I PDB KiFREEY ISP2 FiJR3EALL; P vs T: PDB 1iFR%E S TSB Hifr A L
Ivs T: ISP2 ¥i#R 4L 5 TSB Kige MLl , NIH

Figure 2 Transcriptome analysis in different fermentation medium. A: Venn diagram of differential
expressed genes among different samples; B: The differential expressed gene numbers of up-regulated and

down-regulated among different samples. P vs [: PDB medium versus ISP2 medium; P vs T: PDB medium
compared with TSB medium; I vs T: ISP2 versus TSB. The same below.
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Figure 3 The KEGG pathway of SAT1 strain was enriched in the first 20 differential gene enrichment
factors in different fermentation media. A: Comparison in PDB and ISP2; B: Comparison in PDB and TSB; C:

Comparison in ISP2 and TSB.
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Figure 4 The GO enrichment of differential genes in different test groups. A: Comparison in PDB and ISP2;
B: Comparison in PDB and TSB; C: Comparison in ISP2 and TSB.
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Figure 5

Differential expression analysis of secondary metabolic biosynthetic genes. A: Number of

differential genes in each secondary metabolic gene cluster; B: Differential expression analysis of
moenomycin biosynthetic genes; C: Moenomycin biosynthetic gene cluster.
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Figure 6 Ultraviolet spectrum of SAT1 mycelium extracts. A: Chemical structure and molecular weight of
moenomycins; B: Mycelium extract in ISP2; C: Mycelium extract in PDB; D: Mycelium extract in TSB; E:
Mycelium extract of S. ghanaensis ATCC14672 in TSB. S.g stands for S. ghanaensis ATCC14672, with

3 parallels for each group.

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



3306 APy Microbiol. China
A B
-Q1:0.551 to 3.106 min from sample 2 (moenomyci-scan)
of 20220107-Mayuchao-tune.wiff (Turbo Spr... A Max. 4.8e5 cps.
Vs -EPI (1 580.70) CE (~80): Exp 1, 8.436 to 8.743 mi..Max. 7.8¢4 cps.
4.5x10° + 11525
ESI-MS M2 N IVAHL(HATT-
4.0x105 L 7 010¢ _ES] MS? for A [M-H-(H+I)]
_3.5x10° | 6.0x10° L
a =~
2 3040 £ 5.0x10'
2 2.5x10° )
2 2 4.0x10* - [M-H-(H+I+OCNH)]-
8 2.0x10° 2 ~ [M-H]-
= 1.5%10° g 3.0x10* + 11094 5506
s | 2.0x10*
10x10 , [M-H-OCNH]-
5.0x10* L 1.0x10* ~
ke 1o 1y 8224 0023 TOOLS | [y 305 14677 1337,
0.0 A > A 1 i A d | ) v / 0.0 Pl NN TN R I SN U1 L |
1380 1420 1460 1500 1540 1580 1620 1660 600 800 1000 1200 1400 1600 1800
mlz mlz
C D
-EPI (1 566.60) CE (-80): Exp 2, 8.211 to 8.940 m...Max. 2 627.5 cps. -EPI (1 388.70) CE (-80): Exp 3, 8.314 to 8.668 mi...Max. 1.1e4 cps.
11384 917.4\ ESI-MS, for C,
2500 F ESI-MS*for A, [M-H-(H+I+OCNH)]
[M-H-(H-+1)] 1.00x10¢ | )
: [M-H-(H+D)]
2000 960.4
= [M-H-(H+I+OCNH)]- 8 000.00 -
o N a
) 1500 1095.5 15
) N~ L
£ z 6 000.00
=) 172}
s 2ee ~ -
S 000 [M-H-(H+I+OCNH+},0)] [M-H] z
kS }77.4 1566.8 E 4.000.00 L [M-H-(H+I+OCNH+H,0)]-
500 [M-H-OCNHJ 2 000.00 [M-H-(H+D]" [M-H]-
2. \
864.4 90\“'4 997.4 11215 SO 15239 9422 460 1389.0
TR P TTTT M PTT A1 117 AR R W TR | 0,001 do o e | , .
600 800 1000 1200 1400 1600 1800 ’ 600 800 1000 1200 1400 1600 1800
mlz mlz
E F
-EPI (1 402.80) CE (=80): Exp 4, 8.409 to 8.733 mi... Max. 1.5e4 cps. -EPI (1 419.50) CE (-80): Exp 5, 8.515t0 8.781 m... ~ Max. 5 908.0 cps.
974.4 990.4
1.4x10* F{M-H-(H+1+0CNp) > [M-H-OCNHI ESI-MS, for C,
N
12x10 L 931.4 ESI-MS, for C, 5000 | ~ [M-H-(H+T)
~ 1.0x10*F — 4000 HM-H-(H+I+OCNH+H,0)]-
& 2 N
o) o o413
= 8 000.0 - = 3000}
= 2
§ 6 000.0 - §
kS £ 2000
4 000.0 - [M-H]~
6443 6864 5 _[M-HT- | 6602 . 14196
20000 F o2 4 »oa) [M-H-OCNH]- [M-HI 1000, | 2 gy | | [M-H-OCNH]
N 7242 | 861 N sl ls22a 973.0
6601 0 l [ lﬂ ! J59'7\ 1 1653.8 ~ 1340.4 1377
0,0 Mo Bl aat Gl 1L L L L7 | L T AT R A T P I L
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
mlz mlz

7  SAT1 BE{FZEIH) UPLC-MS/MS S5 R
Figure 7 UPLC-MS/MS of SAT1 mycelium extracts.
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