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Abstract: [Background] Tetramycin and tetrin are tetraene macrolides with broad-spectrum antifungal
activity. Streptomyces sp. CB02959 was initially screened as a potential producer of leinamycin-like
compounds. We noticed the existence of a putative natamycin biosynthetic gene cluster in CB02959 using
antiSMASH analysis. [Objective] In this study, we aim to characterize the secondary metabolites from
Streptomyces sp. CB02959, determine whether CB02959 is a tetraene macrolide-producing strain. We also
aim to characterize the major products from CB02959 and improve their titers by media optimization.
[Methods] Guided by bioinformatic analysis and high-resolution mass spectrum data, we predicted the
structures of the compounds to be isolated. Streptomyces sp. CB02959 was then cultivated in different
media to determine the right medium for large-scale fermentation. The tetrA gene, which encodes the first
polyketide synthase of the polyketide assembly line, was disrupted to correlate the target gene cluster with
the production of tetraene macrolides. The structures of major metabolites from CB02959 were elucidated
based on extensive spectra analysis. The concentration of glucose, malt extract and tryptone were adjusted
to improve the titers of the produced tetraenes. [Results] Based on the analysis of the predicted natamycin
biosynthetic gene cluster in CB02959 and phylogenetic analysis of the 16S rRNA gene, CB02959 was
proposed as a new tetramycin and tetrin-producing strain. After the large-scale fermentation in YEME
medium, we isolated four metabolites from CB02959, which were determined as tetramycin A (1),
tetramycin B (2), tetrin A (3), and tetrin B (4). We increased the titers of compounds 1-4 to 208.1, 100.0,
1 315.6, 109.9 mg/L via preliminary optimization of the fermentation medium. [Conclusion] In this study,
we identified Streptomyces sp. CB02959 as a new producer for tetramycins and tetrins using the genome
mining strategy, the titers of the produced tetraenes were improved by medium optimization. Our findings
lay a foundation for the further development of these potent antifungal agents.

Keywords: Streptomyces sp. CB02959, genome mining, tetramycin, tetrin, medium optimization
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Figure 1 Chemical structures of Natamycin, Tetramycins and Tetrins
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P ¥ESE 2 d PASF . 250 mL HEIEIRH R A
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F1 BRR tetrA ZERTERAASIHFT

Table 1  Primer sequences for inactivation and verification of tetrA gene replacement

519 Fe31 Bi)iic PR
Primers Sequences (5'—3) Function Length (bp)
tetrA-CKF GGGCTTCTTCGGTCTGTCCG Verification of tetrA 1550
tetrA-CKR AGGGCACGTCCACGTGC replacement

tetrA-upF CATTCCACAGCGGACAGACCGAAGAAGCCC Amplification of tetrA upstream 1 930
tetrA-upR GCGGCCGCGGATCCTCTAGAAACAGCTGGGAGTTGCAGACC homologous arm

tetrA-dnF CGACGGCCAGTGCCAAGCTTCGCCCAACTCCTTGAACGTG Amplification of tetrA 1822
tetrA-dnR GTTCTTCTGACACGGCGTGCTGCCCAG downstream homologous arm

tetrA-KN-F ~ GCACGCCGTGTCAGAAGAACTCGTCAAGAAGGCGA tetrA-KN 1510
tetrA-KN-R ~ GGTCTGTCCGCTGTGGAATGTGTGTCAGTTAGGGTGT

AN U R I A R AN A R 5 LSRR R R Pt AL
K1) pET-28a AR 3G -RIS &G Ruik A A
PCR WA Z (50 pL): E. FiF5141(10 umol/L)
4 2uL, DNA 1 uL, 4% Mix (green) 45 uL, PCR
JIW 4. 98 °C 2 min; 98°C 10s, 62°C30s,
72°C40s, 35 MG ; 72 °C 5 min, ¥ PCR 41
() H B A BEE 23] p0J260 Ltk |, 755 H 4
JF ki pOJ260-AtetrA.,
153 R RERIE

WAt AT B Bei ki ik 2 K FF A DHba,
HAET k5% (IO TSR ) P %
TREWMAGAT R & 50 pg/mL BlEHi5E K LB %
W Tk A7, 37 °C 1535 12-16 h, [F%
PR AL R0 B 5 A B8 3R 0 LB WA G 57
Ferfr, 37 °C. 220 r/min 1555 12-16 h, SR dE(71E
W PCR HiiE. PCR SV AK R (25 pL): tetrA Fii¢[H]
PR E RS 140 (10 pmol/L)#% 1 ul, TR 1 ul,
45f% Mix (green) 22 plL., PCR Jz i &f4: 98 °C
2min; 98°C10s, 62°C30s, 72°C40s, 354
PE¥R; 72 °C5min, Bk HM R BARAZ G, Tk
AT o
154 HEE®R

W E 20 ik pOJ260-AtetrA I T 45 A 55 % Jr vk
S A Streptomyces sp. CB02959, ¥%:4i & MS 4t
|, 28 °C 153% 14-20 h, & A9 TS #K I UEF
M 2-3 ¥k, SR 5 23 I B 20 pl R % 3 (30 mg/mL)
15 pL ZEBERRAR (40 mg/mL)AT 1 mL JCH /K T 2 mL

EP & rh, IRGISEXT MS et T 55, 28 °C
i3t 4-5d. R RS Y RS B9
PG IRBUEN 4] DNA, @il PCR KilERAFkH
tetrA J& 1 LB B 4t
1.6 {kE¥Yat

BERETE CB02959 A 7 d Z 5 in 1% KFLIK
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THUECER AR , T FR Mt v P R, el R Mk 4 7
FEEY) 38 g, XHREMATHERAZNT, RAA M
Mkl 2.0 W6 . LR TR Bt B e i, L5 5]
84453 (Fr.A-H) , Hor 2R 2 BRI BE R 7:3.5:5 (14
TR T 1) Fr.F .G & BisbG, BUiR ) Fr.G
2o i A WO A5 (5 15.0 mU/min, K
254, 305nm), WEEOKRGEBLEEVENL, VEMIAR
0-30 min 10%-50% /i, 30-60 min 50%HI i,
60-90 min 50%-70%H fi2, 90-110 min 70%H it
110-130 min 70%-90% /%, 130-140 min 90%H
fi, 140-150 min 90%-10% ! i, 150-160 min 10%
L 2 E1a 8] 4 N5 (Fr.Gl-4), fEHEIK R
5:5-7:3 (IR LL) ALt FRGEIE T R AT 3 A4 53
HBEWEEY . Hd Fr.e2 SHEY 4, Fr.G3
SHGY 2 F1 3, Fr.Ga SHAEW 1, ¥% 34
20 43 FAAH ] 4 0 45 512 40 ) 282 i 28 WA 34X
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%5 19.7. 12.5. 14.8, 10.2 min 15F{k5% 1-4,
1.7 L&Y 1-4 WK E N EFREH 242

TE YEME i35 5 b, U HNAS[A] 5 i 04 i 4
B PRI R, AP S e a
1-4 SRR B B sl A i A Y
1 mg/mL B, R PS5 A B e AN [ v BE A B
REMEE P RIHE (x, mo/L)-5 U TR (y) b i
2k . PUFF 2 A (1):y=1 902 600x+10 248; U5 2% B (2):
y=3 632 400x+59 456 ; PU/F A % A (3): y=1 352 300x+
36 340; VUM E B (4): y=6 359 300x-46 210,

2 ZRHLHM
2.1 CB02959 1 UEREREE S

FIF antiSMASH Xt CB02959 Jit [K £ 11743
Br, RIS 42 DUAERE R A P6 i
PRI B 70T Scaffold 8 FE4i%iE Y Leinamycin
KA A RN FESN, 1E Scaffold 2 Fl
Scaffold 9 |- 4 #I77 £ —>5 Oxazolomycin B
1 Natamycin A= 4)  BGRE PR 7 i B AHRL ) 6 R 72
F2H] Streptomyces sp. CB02959 J&ixX 2 21L& WK
TRTEA PR AR . WS YT Scaffold 9 T A 44 i 25
FALAFR ) DNA P9 E4T T ORF Fiill Hl BLASTp
b, RBEXA A B P S E A S
Streptomyces ahygroscopcus subsp. wuzhouensis }
Streptomyces hygrospinosus var. beijingensis ' [0
B3 2 AR WG BUEE DR 0 2R 1) LA R A R AL
(F{LEE>70%), 5 Streptomyces gilvosporeus &
Streptomyces natalensis H (144 fth 55 25 A= W) A5 B3
DR A s AR B AR T S U R A
Y& AR ORI (] 2, 3% 2), DRtemT DA
W7 CB02959 H Scaffold 9 b3 [ 4 B £ M1k A5
Py hy VU35 2R 2R R ER N B

BET 16S rRNA JE[A P51, % CB02959 Fl1H:
EARE . AT F) 16S rRNA JE K 5 471 (i 1Y 25
RN MRS R A W T T AR T (B 3)
W AR AT AR B, 4 Bk DB R AR R R 4 Bk
Wb EE R AR E AL TSR B4 3 F T CB02959

5 & %Y R % 57 A4 W 40 Streptomyces  sp.
BS-112 . S. albulus ZC-G-5. S. albogriseus A
S. ahygroscopcus subsp. wuzhouensis E.A BT (957
K F ., TEIX 5 HRE P, Streptomyces sp. BS-112
4 S. albulus ZC-G-5 fii F—4~4r 3¢, S. albogriseus
J S. ahygroscopcus subsp. wuzhouensis i F 5 #h
—AN33, T CB02959 FAMIE l— 1433, KW
Streptomyces sp. CB02959 1] & —FkHr it U EE %
BRI AR
2.2 CB02959 /NRAR & B 53 47

BET T A AR Y AE B A T A5 R, e 5 AR
] 135 52 B (R2A | 1 [K—5 | ISP4 . ISP2 il YEME)
X CB02959 AT/ MBI A IE, LA E H A2 A5 7T LA
A EER . HPLC 4521278 CB02959 7 5 il
FrHE R AT DL A — 2 BT DR ORI N R )
FRIE 22 SRS e 1) 16 6540 (292.5 . 304.2 . 319.7 nm),
Hrh YEME xRS Y R & B m T HAb
4 Fips R 3L (81 4). FIFH ESI-HR-MS X} 305 nm i
KRBT 4 A WA S PR a4 1k
G 14T, R A o AN Y 4y
TR0 R k&Y 1 (696.359 4, [M+H])
CasHssNOyz, fb &%) 2 (712355 3, [M+H])
CssHssNOy, , 1L &%) 3 (682.344 4, [M+H]Y)
CaHsiNOz , &% 4 (697.827 2, [M+H]")
CayHsiNO1403X 4 MEEWIN 4315 S. hygroscopicus
BS-112M° i s % AL B KIUMHZE AL B
A3, /8 CB02959 A AEZE—Hk [F] =4z b
B 2% UM TR 3R BT I B A T
2.3 EERR

H TR FiR 4 AMMEE YR i py i
B 2R AR T B 0, AR IR S R Pt BE D 4
T CB02959 H1 11 57 J M 2 hi G LI tetrA L[,
RIS T A5 Rk CB02959 AtetrA (& 5A), #H PCR
Xf CB02959 BfAE AU K S A MR IEATHIE, 45 R R
WIS R R tetrA JE DN B B4 (K] 5B). Bl
JETE YEME & s 33 3 v wh By A A [ S8 A8 kit AT
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£2 H#EFE CB02959 AOEHE/MEEZEY S REREKEIFE

Table 2 Annotation of the putative tetramycin and tetrin biosynthetic gene cluster from Streptomyces sp. CB02959
Gene Size  Putative Function Natamycin (identity (%)/coverage (%)) Tetramycin (identity (%)/coverage (%))
(aq) S. gilvosporeus  S. natalensis S. ahygroscopcus  S. hygrospinosus
subsp. wuzhouensis var. beijingensis
tetrO 553 Cholesterol oxidase SgnE (88/98) PimE (88/98) TtmE (90/100) TetrO (90/100)
tetrMIIl 462 Glucosyltransferase SgnK (77/99) PimK (77/99) TtmK (99/100) TetrMII1 (99/100)
tetrMIl 352  Aminotransferase SgnC (85/99) PimC (85/99) TtmC (99/100) -
tetrG 391  Cytochrome P450 monooxygenase SgnG (81/99) PimG (81/99) TtmG (99/100) TetrG (99/100)
tetrF 63 Ferredoxin SgnF (70/100)  PimF (70/100) TtmF (98/100) TetrF (98/100)
tetrA 1736 Modular polyketide synthase SgnS0 (79/99)  PimS0 (78/99) TtmSO0 (98/100)  TetrA (98/99)
tetrL 365  Tyrosine phosphatase SgnL (62/70) - TtmL (97/100) TetrL (97/100)
tetrB 6 784 Type | polyketide synthase SgnS1 (78/100) PimS1 (78/100) TtmS1 (99/100)  TetrB (99/100)
tetrK 396  Cytochrome P450 monooxygenase SgnD (68/100) PimD (68/100) TtmD (99/100) TetrK (99/100)
tetrE 2 342 Type | polyketide synthase SgnS4 (76/86)  PimS4 (76/86) TtmS4 (99/100)  TetrE (99/100)
tetrD 1793 Type I polyketide synthase SgnS3 (70/100) PimS3 (70/100)  TtmS3 (99/100)  TetrD (99/100)
tetrC 9504 Type | polyketide synthase SgnS2 (85/99)  PimS2 (85/99) TtmS2 (97/100)  TetrC (97/99)
tetrRIV 244 LuxR family transcriptional regulator SgnM (60/84)  — TtmRVI (90/84)  TetrRIV (90/84)
tetrRINI 922 LAL transcriptional regulator - - TtmRIII (80/98)  TetrRIII (80/98)
tetrRIl 964 LuxR family transcriptional regulator — - TtmRII (71/99) TetrRII (71/99)
tetrRI 923 LuxR family transcriptional regulator — - TtmRI (81/100)  TetrRI (81/100)
tetrMl 343 GDP-mannose 4,6-dehydratase SgnJ (96/100)  PimJ (96/100) TtmJ (94/100) TetrMI (94/100)
tetrTIl 602  ABC transporter ATP-binding protein  SgnA (84/100) PimA (84/100) TtmA (85/98) TetrTIl (85/98)
tetrTl 608  ABC transporter ATP-binding protein  SgnB (86/99) PimB (86/99) TtmB (89/98) TetrTI (89/98)
tetrd 449 Crotonyl-CoA reductase - - TtmP (94/100) TetrJ (94/100)

Note: —: No corresponding protein

—

-
0.01

* Streptomyces sp. BS-112 (EU529841.1)

* Streptomyces albulus ZC-G-5 (MN519495.1)

* Streptomyces sp. CB02959 (MF455322.1)

* Streptomyces albogriseus (AF513222.1)

* Streptomyces ahygroscopicus subsp. wuzhouensis (DQ531606.1)

& Streptomyces natalensis NBRC 13367 (AB184356.2)

* Streptomyces gilvosporeus F607 (CP020569.1)

& Streptomyces lydicus A02 (FJ481127.1)

® Streptomyces chattanoogensis L10 (FJ171335.1)
Streptomyces lividans TK24 (AY039029.1)

Streptomyces coelicolor ICN1055 (KX775314.1)

Streptomyces albus subsp. albus NRRL B-1811 (JX486031.1)

Saccharopolyspora erythraea NRRL 2338 (NR 074095.1)

B3 ETF 16SrRNA EEFIHNMERMUBER~E BRI RFH LK
Figure 3 Phylogenetic analysis of natamycin and tetramycin-producing strains based on 16S rRNA gene sequence

TE: SRS sh e S AURA N BIARTE NCBI E LR P A5 5655 bR RAGRIELEE Y s UM BoM U R AR, 228 gl
HRTER

Note: The numbers in the bracket denote the GenBank accession number. The scale denotes evolutionary distance. Stars denote
tetramycin producers, diamond denotes natamycin producers
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A — R 304.2
: 4 23 1 1.50
0.00 —_/\\_—JL—M—NJ\_A—_/Q\—/ ‘J\_JL&
0.50
E 0.50 1.00
2 0.00 L PES |, SO YN N S A J\___1sP4 .
ﬂg 050 <
2 0.00 L+ A _JWL}\_/ A A 1P 0.50 1
1.00 [
J YEME
0.00 ¢ A - S A“A \'— k——.‘ e at—— — 0.00 E . . n .
0.00 6.00 12.00 18.00 24.00 30.00 200 250 300 350 400

Retention time (min) Wavelength (nm)

4 CB02959 EARE A EEIEFEF A HPLC BlE(A) U R L& 1-4 B9E SR ULIEE (B)
Figure 4 HPLC profiles of CB02959 in different fermentation media (A) and the UV-vis spectrum (B) for compound 1-4

o)
A tetrA B @9
_/f_| _ =1 éb
St S
reptomyces sp. cq:? b\.ﬂ’a
CB02959 wild type S
1 510bp >< & o O
S . b ¢ & b
‘ v L
Kanamycin restance gene (KN)
l pOJ260-AtetrA 1 500
810
[ 550 bp,.
e o p— -
CB02959 AtetrA
C
1.00 -
£
“ o CB02959 AtetrA
=] P i [ | I |
& 0.00 T — 7
= 1001 I P |
=2 1 1 |
< 1 1 |
| | 1
1 1 !
: X Streptomyces sp. CB02959 wild type
0.00 : = .

0 6 12 18 24 30
Retention time (min)

B 5 CB02959 AtetrA FREHRHIHIE & A BEIIE
Figure 5 Generation and fermentation verification of CB02959 AtetrA mutant
e A RIREE RGOSR (KN)E e tetrA JL 08 o i BRGSBpR I /R BB, B: 2878k PCR J0iE; C: CB02959 AtetrA 275

PRI R BER HPLC 1
Note: A: Scheme for the generation of AtetrA-disruption mutant of CB02959 by replacement with kanamycin resistance gene; B: PCR
verification of the CB02959 AtetrA mutant strain; C: HPLC profile of the fermentation broth for CB02959 AtetrA mutant strain
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TREE, Bk tetrA JE[R Y CB02959 AR H L&
Y1 1-4 (WA T, UGBH TR Y DU AR R LR R
AT 4 MEEW I EY G (& 5C).
24 WWEYMHIBLERIEHWEE

BT TIR R, AT YEME 5375
HE T T CB02959 Y R HIAS A % (27 L), F A FH A
WEREJZHT  F 25 BRSO A 2 0T 45 ik
M—/NE R aifk TiX 4 Mes, R
ESI-HR-MS. 'HNMR. “CNMR %, #fiz 71k
G 1-4 Mgt (E 1),

fE&49 1 (10.0 mg): IRE KA, ESI-MS [
Iy T B T ik O [M+H]" 696.359 4 A1 [M+Na]”
718.340 6, s FtE LAY 2/ 16 Da, AL
WELEY 1 W F 3N CssHssNOz. R4
ESI-MS. 'HNMR 1 CNMR 4347, LK% 5 3ck
BRI IR, a1 e g AL
'HNMR (600 MHz, DMSO-dg) &4: 6.64 (m, 1H),
6.36 (m, 1H), 6.35(m, 1H), 6.27 (m, 1H), 6.25
(m, 1H), 6.02 (m, 1H), 6.00 (m, 1H), 5.76 (d,
1H), 5.49 (dd, 1H), 5.01 (m, 1H), 4.89 (br, 1H),
4.36 (m, 1H), 4.28 (br, 1H), 4.20 (m, 1H), 4.00
(dt, 1H), 3.76 (br, 1H), 3.70 (tt, 1H, ), 3.51 (m,
1H), 3.26 (m, 1H), 3.18 (dd, 1H), 2.85 (m, 1H),
2.37 (m, 1H), 2.25(m, 2H), 2.16 (m, 1H), 1.84
(m, 1H), 1.79 (dd, 1H), 1.61 (m, 1H), 1.47 (m,
1H), 1.41 (m, 2H), 1.30 (m, 2H), 1.24(d, 3H),
1.17(m, 1H), 1.05 (d, 3H), 0.85 (t, 3H); *CNMR
(150 MHz, DMSO-dg) &c: 177.3 (qC, C-29), 164.9
(qC, C-1), 146.6 (CH, C-3), 136.6 (CH, C-17),
136.4 (CH, C-22), 133.7 (CH, C-18), 133.4 (CH,
C-19), 132.0 (CH, C-21), 131.7 (CH, C-20), 131.6
(CH, C-23), 129.0 (CH, C-16), 124.3 (CH, C-2),
97.5 (qC, C-9), 96.0 (CH, C-1'), 74.8 (CH, C-15),
73.1 (CH, C-5'), 72.0 (CH, C-25), 71.1 (CH, C-5),
70.5 (CH, C-4'), 69.1 (CH, C-13), 68.5 (CH, C-7),
66.0 (CH, C-11), 65.7 (CH, C-2'), 59.4 (CH, C-12),

56.7 (CH, C-3"), 48.1 (CH, C-24), 47.1 (CH,,
C-14),45.0 (CH,, C-8),44.3 (CH,, C-6), 41.8 (CH,,
C-4), 36.5 (CH,, C-10), 23.9 (CH,, C-27), 18.4
(CH3, C-6'), 14.3 (CH3, C-26), 12.8 (CH;, C-28).

& 2 (5.0 mg): IRE KA, ESI-MS 19453
T I [M+H]" 712.355 3 FI[M+Na]* 734.336 8.,
48 ESI-MS. 'HNMR 1 *CNMR 43#r, #T LLH
EALEY 2 195N CasHssNOg, M PE ik
M55 SCRREAE EA 7 A, A0 B 2 wif Ry DU 83
% BM™!'HNMR (600 MHz, DMSO-ds) &4:6.69 (m,
1H), 6.38 (m, 1H), 6.36 (m, 1H), 6.27 (m, 1H),
6.25 (m, 1H), 6.00 (m, 1H), 5.99 (m, 1H), 5.76
(d, 1H), 5.49 (dd, 1H), 5.28 (m, 1H), 4.90 (br,
1H), 451 (s, 1H), 4.37 (m, 1H), 4.26 (br, 1H),
4.20 (m, 1H), 4.01 (dt, 1H), 3.78 (br, 1H), 3.66
(tt, 1H), 3.51 (m, 1H), 3.27 (m, 1H), 3.19 (dd,
1H), 2.87 (m, 1H), 2.53 (m, 1H), 2.27 (m, 1H),
2.14 (m, 1H), 1.80 (m, 1H), 1.79 (dd, 1H), 1.54
(m, 1H), 1.41 (m, 1H), 1.40 (m, 2H), 1.33 (m,
2H), 1.24 (d, 3H), 1.17 (m, 1H), 1.07 (d, 3H),
0.85 (t, 3H); *CNMR (150 MHz, DMSO-dg) &c:
177.5 (qC, C-29), 165.2 (qC, C-1), 149.6 (CH,
C-3),136.8 (CH,C-17),136.2 (CH,C-22),134 (CH,
C-18), 133.5 (CH, C-19), 131.7 (CH, C-21), 1315
(CH, C-20), 131.5 (CH, C-23), 128.8 (CH, C-16),
121.7 (CH, C-2), 97.6 (qC, C-9), 96.1 (CH, C-1/),
74.6 (CH, C-15), 73.4 (CH, C-4), 73.3 (CH, C-5),
73.2 (CH, C-5'), 72.1 (CH, C-25), 68.7 (CH, C-13),
68.7 (CH, C-4'), 68.4 (CH, C-7), 66.0 (CH, C-11),
65.6 (CH, C-2), 59.1 (CH, C-12), 56.8 (CH, C-3'),
48.0 (CH, C-24), 47.0 (CH,, C-14), 45.1 (CH,,
C-8),40.9 (CH,, C-6), 36.5 (CH,, C-10),23.9 (CH,,
C-27), 185 (CH3, C-6'), 14.3 (CH3;, C-26), 12.8
(CH;, C-28).,

&Y 3 (7.7 mg): IREEKA, ESI-MS K5
T T [M+H]" 682.344 4 FI[M+Na]" 704.342 5,
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BCNMR 1) C NS LA 4 M, AR SE 4
LAY 3 TRELL 4 4 1 ANEUET i E ESI-MS
"HNMR F1 *CNMR 4347, AT LABE kA9 3 #94)
FN CaqHsiNO1zo HLAE R4 I 5 Sk Sicdis
PEAT L, (bW 3 BihE WukmE R AP
'HNMR (600 MHz, DMSO-ds) &4: 6.65 (m, 1H),
6.35(m, 1H), 6.34 (m, 1H), 6.28 (m, 1H), 6.26
(m, 1H), 6.00 (m, 1H), 5.98 (m, 1H), 5.77 (d,
1H), 5.53 (dd, 1H), 4.85 (m, 1H) , 4.51 (br, 1H),
437 (m, 1H), 4.28 (br, 1H), 4.19 (m, 1H), 4.00
(dt, 1H), 3.79 (br, 1H), 3.71 (tt, 1H), 3.29 (m,
1H), 3.23 (m, 1H), 3.17 (dd, 1H), 2.92 (m, 1H),
2.55(m, 1H), 2.25(m, 2H), 2.19 (m, 1H), 1.84
(m, 1H), 1.79 (dd, 1H), 1.61 (m, 1H), 1.47 (m,
1H), 1.42 (m, 2H), 1.37 (m, 3H), 1.18 (m, 1H),
1.07 (d, 3H), 0.99 (t, 3H); CNMR (150 MHz,
DMSO-dg) d&: 177.9 (qC, C-28), 165.0 (qC, C-1),
146.7 (CH, C-3), 136.7 (CH, C-17), 134.9 (CH,
C-22), 133.8 (CH, C-18), 133.6 (CH, C-19), 132.7
(CH, C-23), 131.9 (CH, C-20), 131.5 (CH, C-21),
128.9 (CH, C-16), 124.2 (CH, C-2), 97.6 (qC,
C-9), 95.8 (CH, C-1), 74.7 (CH, C-15), 73.0 (CH,
C-5'), 72.8 (CH, C-25), 70.9 (CH, C-5), 70. 2 (CH,
C-4'), 69.0 (CH, C-13), 68.3 (CH, C-7), 66.1 (CH,
C-11), 65.7 (CH, C-2'), 59.7 (CH, C-12), 56.7 (CH,
C-3'),47.0 (CH,,C-14),44.9 (CH,,C-8),44.3 (CH,,
C-6), 41.8 (CH,, C-4), 40.6 (CH, C-24), 36.3 (CH,,
C-10), 18.4 (CH3, C-6'), 16.2 (CHs, C-27), 14.1
(CH3;, C-26),

LAY 4 (7.6 mg): FETCERMA, AT
THE, W ESI-MS 442 T8 7 miz
697.827 2 [M+H]", #EH 4T3 N CaaHs1NO14
S THNMR F1 PCNMR 23087, 315 Sk B 4 T
He, kA 4 v ks E 2 B, THNMR
(600 MHz, DMSO-dg) &4: 6.81 (m, 1H), 6.70 (m,
1H), 6.34 (m, 1H), 6.25(m, 1H), 6.21 (m, 1H),

6.01 (m, 1H), 5.94 (m, 1H), 5.81 (d, 1H), 5.53 (dd,
1H), 5.24 (m, 1H), 4.86 (br, 1H), 4.62 (s, 1H),
452 (m, 1H), 4.38 (br, 1H), 4.23 (m, 1H), 4.02
(dt, 1H), 3.80 (br, 1H), 3.65 (tt, 1H), 3.30 (m,
1H), 3.25 (m, 1H), 3.13 (dd, 1H), 2.93 (m, 1H),
2.55 (m, 1H), 2.23 (m, 1H), 2.15(m, 1H), 1.85
(m, 1H), 1.79 (dd, 1H), 1.68 (m, 1H), 1.60 (m,
1H), 1.43(m, 2H), 1.39 (m, 3H), 1.18(m, 1H),
1.09 (d, 3H), 1.00 (t, 3H); *CNMR (150 MHz,
DMSO-dg) &: 178.1 (qC, C-28), 165.3 (qC, C-1),
149.6 (CH, C-3), 136.7 (CH, C-17), 134.6 (CH,
C-22), 134.0 (CH, C-18), 133.6 (CH, C-19), 132.6
(CH, C-23), 131.6 (CH, C-20), 131.4 (CH, C-21),
128.7 (CH, C-16), 121.7 (CH, C-2), 97.6 (CH,
C-9), 96.0 (CH, C-1'), 74.6 (CH, C-15), 73.4 (CH,
C-4), 73.1 (CH, C-5), 73.0 (CH, C-5), 72.9 (CH,
C-25), 70.5 (CH, C-4"), 68.5 (CH, C-13), 68.2 (CH,
C-7), 66.1 (CH, C-11), 65.6 (CH, C-2"), 59.2 (CH,
C-12), 56.7 (CH, C-3'), 46.9 (CH,, C-14), 45.0
(CH,, C-8), 40.9 (CH,, C-6), 40.5(CH, C-24),
36.5 (CH,, C-10), 18.4 (CH;, C-6'), 16.2 (CHs,
C-27), 14.2 (CH;, C-26).
25 wEY 1-4 WS KEEIL

R E TILEY 1-4 R A NEE AL UE
# B, WUAIHE A FMIIUGHE B Ja, 4l
305 nm & T U TR S VR B I bR v I 4R, DAH
Hp i, 7E YEME JRilE 15323 (Original Medium,
OR)H, k&Y 1-4 M= m4r5l R 134.843.4
56.8+1.5, 807.5+2.4, 58.7+0.9 mg/L. 7E %37 K
W, YEME 8532 tp b & i, S5
fib 4 FPIEFRILE SR ML, YEME 85325941
HIAIHE 2 SR ER Y R R T RE XS T A S
Bl J5AE YEME $5 32 3L 03660 012 WFE T AR
A PRI R R S A 4 M S
Yy i isEe . AR AE 0-15 o/L B, b
Wi i A RV B A DG, Y A
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15 g/L B, PRI ER AR R, ARER S
WA SRR A -5 T A
PR EE M 15 g/L 4% 20 g/L B, DUAHE B.

R A, UER B - makgidid s, HEHIA
2 2 SRR B B FEXTIX 4 MEA = 1
M AN IR A 0 2, e AT 0 7 T 2 R PR U vk
k1 3-5 g/L B2 HIAK . AT IRE A IRET 4 4~k
B R TR, LR A R T S SR
B4, AELEE M B AE 3—7 o/L B 4 M A

1500 )
[ Tetramycin A (1)
B Tetramycin B (2)
o T & Tetrin A (3)
3 L s
= O Tetrin B (4)
E
=
B
> 500
0
0 5 10 15
Glucose (g/L)
C
O Tetramycin A (1) B Tetrin A (3)
1000 - @ Tetramycin B (2) [ Tetrin B (4)
800 +

E

Zn 600

E

9

T 400+

>.

200 +

Tryptone (g/L)

E 6 CB02959 &4 1-4 FEMMT KEM L

PR BE . LRGSR,
YEME Ji i 45 55 25 Hh (%) i A Wik BE R 48 15 glL,
27 TRV BV RN 2 1R 1 U B2 DR SR 1 R 1
WeEERD 3 g/L #15 g/L, 153 YEME mwib ik s 77
J(Optimize Medium, OP). 7t OP KiFfdtrh L
CB02959 J&, MU A, WHEZE B, MWEHE A
IR TR 2 B F= 5435 208.146.1, 100.0£0.2,
1315.6+4.3 1 109.920.9 mg/L, H AR FEHE Y
PRI T 15, 1.8, 1.6 #1 1.9 f5(1¥ 6).

12007 g Tetramycin A (1)
B Tetramycin B (2)
& Tetrin A (3)
800 + O Tetrin B (4)

Yield (mg/L)

400 ¢

Malt extract (g/L)

1 500

1 000

Yield (mg/L)

500

Figure 6 Preliminary fermentation optimization of compounds 1-4 from CB02959
TE: A: YEME $53R 5L ORIV B 2R b 5 1-4 PR 09205 B: YEME i3 Sk PSRV B 22 2R IR R b 59 1-4 77 &
YRI5 C: YEME $5FREE AR [V BE IR AR FUR LG 1-4 P2 i 19525 D AR5 IR 5L (OP) 5 A 5 FR AL (OR) b &4 1-4

PR LA

Note: A: Effects of glucose concentration on the titers of compounds 1-4; B: Effects of malt extract concentration on the titers of
compounds 1-4; C. Effects of tryptone concentration on the titers of compounds 1-4; D: Comparison of the titers of compounds 14 in

the optimized medium (OP) and the original YEME medium (OR)
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3 W54

Streptomyces sp. CB02959 J&:—#k /3 B F L
A PFLLT ERE LL IEEA BER T , DR T AN BB 1Y)
TR RN E . 7EET T 905 & (Leinamycin) 2k
7 PR A e R I A2 R, CB02959 ik
TR ENE R EY S BRI , i 4 S
JEAS3 T 35E 5] antiSMASH 4347 & 31 CB02959
Hgd o 42 DMIRBARE )6 AR %, 46—
L5 Oxazolomycin B & [F 7% AH L) B AR vy A9 32 [ 72
1—~ LY Streptomyces sp. BS-112. S. albulus
ZC-G-5. S. albogriseus }% S. ahygroscopcus subsp.
wuzhouensis DU % 2 A= W15 UEE R 75 v B2 AH DAY
FE %, %) CB02959 DU 2 A& ik [
(tetr) B 23 BT B /NRRAR A %, FRATTRI 2N 1B &
— AT 4 U 2 R DY T 3™ A R A T 16S
rRNA LD 81 i LA 347, FefiT& 3L CB02959
TEHEACARS T 5 HAh DU 25 2R 77 A B R AL T AN [A] 1Y 43
3, B UEE R R EY GRS O
TE Y DU 83 2R AR W I DR A A 5 DR R AL 0 4] 1
H v BEAEARL, DS o 0 3k S T ke v 14 DU 5 2R /DO U
2 A2 0 TR DR 2 AT A 3 ol TR Pk 2 ] 1Y) 5 ]
IR RE AR

VU 25 2R A DU s T 2R AE = 24 0 RO 4 AT
RAF i AT 5, 2 A A /D3 o 5 AP o R 50k
FEA A4 S e AT B B HIE o G0 7E A T R 3R Ak
HE N 8% (MBS £0) Hmm] i S. albulus ZC-G-5
HPUEE 2 A Fo M 225 mg/L 275 25 960.0 mg/LM,
1 S. diastatochromogenes 1628 A i FAZ A& T 72
1335 E bk GE-59 AT U R A, MUFER P, MU
EE B BRI E 1.7, 28, 1.5 gL i@
iR tmRIV A S. ahygrospinosus
CGMCC 4.7082 Fr U A7~ Bk es 3.3451%, 78
AWF5E, Streptomyces sp. CB02959 M/ %1y
R ATE YEME Hi 3RS = 1A %) 0.8 g/L,
L PR AR R B TR T R A R
$ET 2 1.3 g/L, HAth 3 F b EWTENLES IR 5L

M- E s T 1.5-1.9 f5. %T CB02959 H
TetrRI, TetrRII, TetrRINI }z TetrRIV %545 ¥
15 S. ahygrospinosus H [R] V585 B JEE AR
Pe, ARMGEAE CB02959 Hh X iz Sl yd 2 JU A 4 4 7 i
R Rk R AR s i — P PR s T R
DU TR 2R )
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