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[ABSTRACT] Chemical investigations of the termite-associated Streptomyces tanashiensis BYF-112 resulted in the discovery of four
novel alkaloid derivatives: vegfrecines A and B (1 and 2), exfoliazone A (3), and venezueline H (7), in addition to nine known meta-
bolites (4−6, 8−13). The structures of these compounds were elucidated through comprehensive spectroscopic analysis and comparis-
on with existing literature data. Antibacterial assays revealed that viridomycin A (11) exhibited potent antibacterial activity against Sta-
phylococcus  aureus,  with  a  zone  of  inhibition  (ZOI)  of  12.67  mm,  in  comparison  to  a  ZOI  of  17.67  mm  for  the  positive  control
gentamicin sulfate. Viridomycin A (11) showed moderate activity against Micrococcus tetragenus and Pseudomonas syringae pv. ac-
tinidae,  with  ZOI values  of  15.50 and 14.33 mm, respectively,  which were  inferior  to  those  of  gentamicin  sulfate  (34.67 and 24.00
mm). Viridomycin F (12) also exhibited moderate antibacterial effects against S. aureus, M. tetragenus, and P. syringae pv. actinidae,
with ZOI values of 8.33, 16.50, and 10.83 mm, respectively. Cytotoxicity assays demonstrated that viridobruunine A (5), exfoliazone
(6),  viridomycin  A (11),  and  X-14881E (13)  exhibited  significant  cytotoxicity  against  human  malignant  melanoma (A375),  ovarian
cancer (SKOV-3), and gastric cancer (MGC-803) cell lines, with IC50 values ranging from 4.61 to 19.28 μmol·L−1. Furthermore, bioin-
formatic analysis of the complete genome of S. tanashiensis suggested a putative biosynthetic gene cluster (BGC) responsible for the
production of compounds 1−12.  These findings indicate that the secondary metabolites of insect-associated S. tanashiensis BYF-112
hold promise as potential sources of novel antibacterial and anticancer agents.

[KEY WORDS] Odontotermes  formosanus; Streptomyces  tanashiensis; Alkaloid; Cytotoxic  activity; Antibacterial  activity; Biosyn-
thetic pathway
[CLC Number] R284.1, R965       [Document code] A       [Article ID] 2095-6975(2024)09-0822-09

 Introduction

Despite  extensive  research  into  microbial  natural
products  from Streptomyces species, there  remains  signific-
ant untapped potential within this genus, particularly those in-
habiting  unique  ecological  niches [1].  Insects  often  thrive  in
specialized  habitats  due  to  their  associations  with  microbial
symbionts [2].  Recent  research  estimates  the  total  number  of
living insect species at 5.5 million [3], with at least 15%–20%
of these  insects  engaged  in  symbiotic  relationships  with  mi-

crobes [4]. The vast diversity of insect species hosting extens-
ive symbiotic microbial communities represents a substantial
resource for discovering novel bioactive natural products [5-8].
For example, amycolamycin A, a novel enediyne-derived nat-
ural  product  from  a  locust-associated Amycolatopsis sp.
HCa4,  demonstrated  selective  cytotoxicity  against  the  M231
breast cancer cell line [9]. Similarly, fasamycins D and E, nov-
el  pentacyclic  polyketides  isolated  from Streptomyces
formicae associated  with  African Tetraponera plant-ants,
showed significant antibacterial activity against Bacillus sub-
tilis,  methicillin-resistant Staphylococcus aureus, and vanco-
mycin-resistant Enterococcus  faecium [10].  However,  to  our
knowledge, there have been few studies focusing on the bio-
active compounds from insect symbionts.

In our ongoing efforts to discover novel bioactive micro-
bial  metabolites  from  insect-derived  microorganisms [11, 12],
we  identified Streptomyces  tanashiensis BYF-112,  isolated
from Odontotermes formosanus, which exhibited potent anti-
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bacterial and cytotoxic activities [13]. Bioactivity-guided frac-
tionation of the crude extract led to the discovery of four new
alkaloid  derivatives:  vegfrecines  A  and  B  (1 and 2), exfo-
liazone A (3), and venezueline H (7), along with nine known
metabolites  (4–6, 8–13)  (Fig.  1). Herein,  we  report  the  de-
tailed  isolation,  chemical  characterization,  and  bioactivity
(cytotoxic  and  antibacterial)  of  compounds 1–13. Addition-
ally, we propose the possible biosynthetic pathways for com-
pounds 1–12 based on genetic analysis.

 Results and Discussion

Vegfrecine A (1) was isolated as a magenta solid. Its mo-
lecular  formula,  C15H12N2O5,  was  determined  by  HR-ESI-
MS, showing an ion peak at (m/z [M + Na]+ 323.0641, Calcd.
for C15H12N2O5Na 323.0642). This result was consistent with
the 1H and 13C NMR data (Table 1 and Figs. S2−S8). The 1H
NMR spectrum of 1 displayed signals for an aldehyde group
at δH 9.82  (s,  1H)  and  two amino  groups  at δH 9.73  (s,  1H)
and  8.84  (s,  1H).  The 13C  NMR  and  DEPT135  spectra
showed  signals  for  four  carbonyl  carbons  (δC 190.7,  183.5,
179.6, and 171.3), ten olefinic carbons (δC 97.2, 109.4, 116.4,
124.7, 125.6, 128.1, 129.1, 141.6, 144.2, and 157.0), and one
methyl  carbon  (δC 24.5).  The  heteronuclear  multiple  bond
correlations (HMBC) spectrum of 1 showed correlations (Fig.
2) from H-1(δH 7.34) to C-2(δC 141.6), C-3 (δC 179.6), and C-
5 (δC 144.2),  from H-4 (δH 5.64) to C-2 and C-6 (δC 183.5),
and from -NH (δH 9.73) to C-1,  C-3 and C-7 (δC 171.3), in-
dicating the presence of an N-(3,6-dioxocyclohexa-1,4-dien-1-
yl)  acetamide  moiety.  Further  analysis  of  the  HMBC  data
showed  correlations  from  H-3'  (δH 7.08)  to  C-1'  (δC 125.6)
and  C-5'  (δC 128.1),  from  H-4'  (δH 7.67)  to  C-2'  (δC 157.0)
and  C-6'  (δC 124.7),  from  H-6'  (δH 7.77)  to  C-2',  C-4'  (δC
129.1)  and  C-7'  (δC 190.7),  and  from H-7'  (δH 9.82)  to  C-4'
and  C-6'.  Additionally, 1H-1H-correlation  spectroscopy
(COSY)  correlations  (Fig.  2) between  H-3'  and  H-4'  con-
firmed  the  presence  of  a  4-hydroxybenzaldehyde  moietie.
The  attachment  of  the  1'-NH  group  to  the  C-5  position  was
established by HMBCs from 1'-NH (δH 8.84) to C-4 and C-6'.
These data closely matched those of  vegfrecine,  an inhibitor
of VEGF receptor tyrosine kinases first isolated from the cul-
ture broth of Streptomaces sp. MK931-CF8 [14]. Accordingly,
the structure of 1 was established as a new vegfrecine derivat-
ive, and  the  name  vegfrecine  A  was  proposed  for  this  com-
pound.

Vegfrecine B (2) was isolated as a magenta solid. Its mo-
lecular  formula,  C15H14N2O5,  was  determined  by  HR-ESI-
MS, which showed ion peaks at m/z 303.0978 [M + H]+ and
325.0975  [M  +  Na]+.  These  values  were  consistent  with 1H
and 13C NMR data (Table 2 and Figs. S11−S117). The com-
parison of the NMR data of vegfrecine B (2) with those of ve-
gfrecine A (1) indicated that both compounds share the same
core  structure.  The  significant  difference  between  the  two
compounds was the substitution of the aldehyde group at C-7'
(δH 9.82, δC 190.7)  in  compound 1 with  an  oxygenated
methylene  group  at  C-7'  (δH 4.58, δC 63.9)  in  compound 2.

This substitution was confirmed by HMBCs (Fig. 2) from H-
7' (δH 4.58) to C-4′ (δC 125.5) and C-6' (δC 121.4), from H-4'
(δH 7.08)  to  C-7'  (δC 63.6),  and from H-6'  (δH 7.41)  to  C-7'.
Based on these findings, the structure of vegfrecine B (2) was
established as a new derivative of vegfrecine, and it was giv-
en the trivial name vegfrecine B.

Exfoliazone A (3) was isolated as a red solid. Its molecu-
lar  formula,  C14H12N2O3,  was  determined  by  HR-ESI-MS,
which showed an ion peak at m/z [M + H]+ 257.0930 (calcu-
lated for C14H13N2O3). This result was consistent with the 1H
and 13C NMR data (Table 2 and Fig. S18−S24). The 1H NMR
spectrum of 3 exhibited  a  hydroxyl  signal  at δH 5.31  (t, J =
5.8 Hz, 1H) and an amino group signal at δH 7.14 (brs, 1H).
13C  NMR  and  DEPT135  spectra  displayed  signals  for  one
carbonyl  carbon  (δC 179.6),  five  olefinic  carbons  (δC 149.4,
147.9,  146.9,  103.2,  and  95.1),  six  tri-substituted  aromatic
ring  carbons  (δC 140.6,  139.9,  133.4,  126.9,  125.2,  and
115.5),  one methylene carbon (δC 62.1) and one methyl  car-
bon  (δC 28.9).  The  HMBC  spectrum  of 3 showed correla-
tions  from  H-1  (δH 6.36)  to  C-3  (δC 146.9)  and  C-5  (δC
147.9),  from  H-4  (δH 6.11)  to  C-2  (δC 179.6)  and  C-6  (δC
149.4,  and from H-1'  (δH 2.86)  to  C-3,  together  with 1H-1H-
COSY correlations (Fig. 2) observed between H-1' and -NH,

 

Table 1    1H (600 MHz) and 13C (150 MHz) NMR for vegfre-
cines A−B (1 and 2)
 

No.
1a 2b

δC, type
δH, mult
(J in Hz)

δC, type
δH, mult
(J in Hz)

1 109.4, CH 7.34, s 109.9, CH 7.41, s

2 141.6, C 142.3, C

3 179.6, C 180.5, C

4 97.2, CH 5.64, s 97.4, CH 5.93, s

5 144.2, C 144.8, C

6 183.5, C 184.4, C

7 171.3, C 170.9, C

8 24.5, CH3 2.22, s 24.6, CH3 2.30, s

1' 125.6, C 125.7, C

2' 157.0, C 149.2, C

3' 116.4, CH 7.08, d (8.3) 116.3, CH 6.99, d (8.2)

4' 129.1, CH 7.67, dd (8.4,1.9) 125.5, CH 7.08, d (8.2)

5' 128.1, C 135.5, C

6' 124.7, CH 7.77, d (1.9) 121.4, CH 7.41, s

7' 190.7, C 9.82, s 63.9, CH2 4.58, s

2'-OH

7'-OH 5.91, br s

2-NH 9.73, br s 9.05, br s

5-NH 8.84, br s 8.33, br s
a Recorded in DMSO-d6; 

b Recorded in acetone-d6.
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revealing the presence of a 2-(methylamino)cyclohexa-2,5-di-
en-1-one  unit.  Further  analysis  of  the  HMBC  data  showed
correlations from H-7 (δH 7.46) to C-9 (δC 133.4),  and C-11
(δC 139.9),  from H-10 (δH 7.63) to C-13 (δC 62.1),  C-18 (δC

140.6), and C-12 (δC 126.9), from H-12 (δH 7.40) to C-8 (δC

140.6),  C-10  and  C-13,  from H-13  (δH 4.59)  to  C-10,  C-11,
and C-12, and from H-O (δH 5.31) to C-11 and C-13, indicat-
ing  the  presence  of  a  phenylmethanol  moiety.  The  data  for
exfoliazone  A (3) were nearly  identical  to  those  of  exfo-
liazone, a natural product first isolated from the culture broth
of Streptomyces exfoliatus BT-38 [15]. Accordingly, the struc-
ture of 3 was established as a new exfoliazone derivative, and
the name exfoliazone A was proposed for this compound.

Exfoliazone (6) and venezueline H (7) were isolated as a
1∶1  mixture.  A  detailed  comparison  of  the  NMR  data  for
this  mixture  (6 and 7)  with  those  of  compound 3 (Figs.
S30−S35) revealed  structural  similarities.  The  major  differ-
ences  included CH2-13  (δH 4.59,  d; δC 62.1)  and  CH3-1'  (δH

2.86, d; δC 28.9) in compound 3 (Table 3) being replaced by

CH2-13 (δH 5.14, s; δC 64.6) and CH2-7' (δH 4.35, d; δC 45.2)
in  compound 7,  and  C-1'  (δC 170.6)  in  compound 6.  The
monomer  of  6  was  subsequently  isolated,  and  its 1H, 13C
NMR, and  HR-ESI-MS  data  revealed  a  known  phen-
oxazinone  (Figs.  S27−S29) [15],  consistent  with  the  proposed
structure.  Excluding  the  NMR  data  of  compound 6, the  re-
maining  NMR  signals  indicated  the  presence  of  an  acetyl
group  (δC 64.6,  170.2,  23.5)  and  a  3'-N-acetyl-4'-hy-
droxyphenyl  group  (δC 128.3,  23.6,  135.9,  147.0,  126.4,
121.1,  169.0,  20.7)  in  compound 7.  The  HMBC  spectrum
provided  further  structural  details  for  compound 7. Correla-

 

Table 2    1H  (600  MHz)  and 13C (150  MHz)  NMR  for  exfo-
liazone A (3) in DMSO-d6
 

No. δC, type δH, mult (J in Hz)

1 103.1, CH 6.36, s

2 179.6, C

3 146.9, C

4 95.1, CH 6.11, s

5 147.9, C

6 149.4, C

7 115.5, CH 7.46, d (8.4)

8 140.6, C

9 133.4, C

10 125.2, CH 7.63, s

11 139.9, C

12 126.9, CH 7.40, dd (8.4, 1.8)

13 62.1, CH2 4.59, d (5.6)

1' 28.9, CH3 2.86, d (5.2)

-OH 5.31, t (5.8)

-NH 7.14, br s

 

9'

N
H

O

7'

5'

3'

1'

14

13

11 9

7

5 3
1

OH
O

CH3
N
H

O

H3C O

O

H
N

O

N

R1

R2

1'

11 9

7

5 3

1

1
2

5

7

1'
3'

5'

O

N

OHC
O

N

−O

−O

CHO

O
N O−

R

Fe2+

10 R = COOH

8 R = CH3

9 R = CHO

R

 = CH2OH, R2

2

 = CH3

3

1 2 2 3

 = COOH, R  = CH

R

7

H
N

OH N
H

O

CH3

O

O

N

O

H
N

O

OH

CH3

13

11 R = CHO

12 R = CH2OH

O

OOCH3

HO CH3

1 R = CHO

2 R = CH2OH

3 R
4 R
5 R

6 R
1

1

1

 = CH

 = CH
2OCOCH

OH, R
3, R2 = COCH

 = COCH
3

 
Fig. 1    Chemical structures of secondary metabolites 1–13 of Streptomyces tanashiensis BYF-112.
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Fig.  2     Key  HMBCs  (red  arrows)  and  key 1H−1H  COSY
(black bold lines) of vegfrecines A−B (1 and 2), exfoliazone A
(3), and venezueline H (7).
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tions  from  H-13  (δH 5.14)  to  C-10  (δC 127.0),  C-11  (δC
133.4), C-12 (δC 128.8) and C-14 (δC 170.2) indicated an al-
dehyde group at  position 13.  Additionally,  correlations  from
H-7' (δH 4.36) to C-3 (δC 145.7), C-2' (δC 121.1), and C-6' (δC
123.6)  indicated  a  3'-N-acetyl-4'-hydroxyphenyl  group  at  7'.
The  HR-ESI-MS  data  (m/z 470.1320  [M  +  Na]+,  486.1077
[M  +  K]+)  urther  confirmed  this  structure  (Fig.  S37).  Based
on these data, the structure of compound 7 was established as
a new venezueline derivative, named venezueline H.

The  other  secondary  metabolites  were  identified  as
texazone  (4) [16],  viridobruunine  A  (5) [17], N-(2-Hydroxy-5-
methylphenyl)  acetamide  (8) [18],  3-acetylamino-4-hydroxy-
benzaldehyde  (9) [19],  3-acetamido-4-hydroxybenzoic  acid
(10) [20], viridomycin A (11) [21], viridomycin F (12) [21], and X-
14881E (13) [22] by spectroscopic data analysis and comparis-

on with literature data (Fig. 1).
Streptomyces  tanashiensis is  renowned  for  producing  a

diverse array of secondary metabolites with significant biolo-
gical  activities.  Previous  research  has  led  to  the  isolation  of
several bioactive compounds, including the antitumor antibi-
otics  leptofuranins  A–D [23],  the  antibiotic  tetrahydrokala-
fungin [24], the antibiotic lactoquinomycin A and B [25, 26], and
the  antimicrobial  agent  kalafungin [27].  However,  this  study
marks the first report of new alkaloids (1–3, 7) and the meta-
bolites  (4–6,  8–13)  produced  by S.  tanashiensis BYF-112,
which  was  isolated  from  the  surface  of Odontotermes  for-
mosanus.
 Antibacterial assay

The  antibacterial  activities  of  the  isolated  metabolites
(except  for  compounds 2 and 7)  were  evaluated  against  two
gram-positive  bacteria  (Staphylococcus aureus and M.  tetra-
genus) and two gram-negative bacteria (P. syringae pv. actin-
idae and E.  coli). The  results  (Table  4) indicate  that  virido-
mycin A (11) exhibited strong antibacterial activity against S.
aureus,  with a zone of inhibition (ZOI) of 12.67 mm, which
is  comparable  to  the  ZOI  of  17.67  mm  observed  for
gentamicin  sulfate.  Exfoliazone  (6)  and  viridomycin  F  (12)
displayed  moderate  antibacterial  effects  against S.  aureus,
with  ZOI  values  of  6.83  and  8.33  mm,  respectively.
Moreover,  viridomycin  A  (11),  viridomycin  F  (12),  and  X-
14881E  (13)  showed  moderate  antibacterial  activity
against M.  tetragenus,  with  the  ZOI  values  of  15.50,  16.50,
and  11.67  mm,  respectively,  compared  to  the  ZOI  of  34.67
mm for gentamicin sulfate. Exfoliazone A (3), viridomycin A
(11), and viridomycin F (12) also demonstrated moderate an-
tibacterial effects against P. syringae pv. actinidae with ZOI

 

Table 3    1H  (600  MHz)  and 13C  (150  MHz)  NMR  for
Venezueline H (7) in DMSO-d6
 

No. δC, type δH, mult (J in Hz)

1 103.5, CH 6.39 s

2 179.9, C

3 145.7, C

4 96.2, CH 6.05 s

5 148.0, C

6 149.2, C

7 116.0, CH 7.49, d (8.3)

8 141.5, C

9 133.2, C

10 127.0, CH 7.65, s

11 133.4, C

12 128.4, CH 7.44, dd (8.3, 1.8)

13 64.6, CH2 5.14, s

14 170.2, C

15 23.5, CH3 2.08, s

1' 128.3, C

2' 121.1, CH 7.68, s

3' 126.4, C

4' 147.0, C

5' 115.9, CH 6.82, d (8.1)

6' 123.6, CH 6.97, d (8.1)

7′ 45.2, CH2 4.36, d (6.3)

8' 169.0, C

9' 20.7, CH3 2.08, s

4'-OH 9.31, br s

3-NH 7.65, br s

3'-NH 9.31, br s

 

Table 4    Inhibitory  effects  of 1, 3–6,  and 8–13 against  four
pathogenic bacteria (mean ± SD, n = 3)
 

Compounds
ZOI (mm)a

S. aureus M. tetragenus Psab E. coli

1 NI c NI NI NI

3 NI NI 10.33 ± 1.15 NI

4 NI NI NI NI

5 NI NI NI NI

6   6.83 ± 0.76 NI NI NI

8 NI NI NI NI

9 NI NI NI NI

10 NI NI NI NI

11 12.67 ± 0.58 15.50 ± 0.87 14.33 ± 0.58 NI

12   8.33 ± 0.58 16.50 ± 0.87 10.83 ± 0.29 NI

13 NI 11.67 ± 0.58 NI NI
Gentamicin

sulfate d
17.67 ± 0.58 34.67 ± 0.58 24.00 ± 1.00 22.67 ± 0.58

a ZOI: zone of inhibition; b Psa: Pseudomonas syringae pv. actinidae;
c NI: not inhibited, 30 μg/disc; d Gentamicin sulfate: positive control.
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values of  10.33,  14.33,  and  10.83  mm,  respectively,  com-
pared to a ZOI of 24.00 mm for gentamicin sulfate. Unfortu-
nately, all compounds were inactive against E. coli.

Questiomycin  A,  a  phenoxazinone  without  additional
substitutions  at  C-3  and  C-11,  has  been  reported  to  exhibit
potent  antibacterial  activity  against  both  gram-positive  and
gram-negative  bacteria [28]. Our  results  suggest  that  phen-
oxazinones  with  additional  substitutions  at  C-3  and  C-11
show reduced  or  no  antibacterial  activity  against  pathogenic
bacteria.  This  implies  that S.  tanashiensis BYF-112  might
produce  enzymes  that  chemically  modify  these  toxic
products,  thereby  reducing  their  toxicity  and  accumulation
within the cells.
 Cytotoxicity assay

The  cytotoxicity  of  the  metabolites  (1–6, 8–11,  and 13)
was  evaluated  against  various  cancer  cell  lines,  including
A375 (melanoma), SKOV-3 (ovarian cancer), MDA-MB-231
(breast cancer), and MGC-803 (gastric cancer), as well as the
normal  cell  line  L20  (Table  5). The  results  showed  that  vi-
ridobruunine A (5), exfoliazone (6), viridomycin A (11), and
X-14881E  (13)  exhibited  significant  cytotoxicity  against
A375,  SKOV-3,  and  MGC-803,  with  IC50 values  ranging
from  4.61  to  19.28  μmol·L−1.  Unfortunately,  viridobruunine
A  (5),  exfoliazone  (6),  and  X-14881E  (13)  also  exhibited
cytotoxic  activities  to  also  showed  cytotoxicity  against  the
normal cell line L02, with IC50 values ranging from 56.41 to
79.68 μmol·L−1. Notably, viridomycin A (11) did not exhibit
cytotoxicity  against  the  normal  cell  line  L20  (IC50 >  100
μmol·L−1), indicating its potential as a lead compound for an-
ticancer  therapy.  Among  the  other  tested  compounds,  the
novel metabolite 1 showed weak cytotoxicity against SKOV-
3 with an IC50 value of 76.18 μmol·L−1, while the novel com-

pound 2 displayed moderate  cytotoxicity against  A375,  with
an IC50 value of 47.25 μmol·L−1. Additionally, 3-acetamido-4-
hydroxybenzoic  acid  (10) demonstrated  moderate  cytotox-
icity  against  A375  (IC50 22.01  μmol·L−1)  and  MGC-803
(IC50 36.29  μmol·L−1). It  is  noteworthy  that  among  com-
pounds 3–6, which  share  a  similar  skeleton,  only  vi-
ridobruunine  A  (5)  and  exfoliazone  (6)  showed  significant
cytotoxicity.  This  suggests  that  the  presence  of  an N-acetyl
group  at  the  C-3  position  in  phenoxazinones  may  enhance
their cytotoxicity.
 Proposed biosynthetic pathway of compounds 1−12

Previous  studies  have  suggested  that  compounds 3−12
are  derived  from  the  precursor  3-amino-4-hydroxybenzoic
acid  (3,4-AHBA) [20, 29].  Specifically, N-(2-Hydroxy-5-
methylphenyl)  acetamide  (8),  3-acetylamino-4-hydroxyben-
zaldehyde  (9),  and  3-acetamido-4-hydroxybenzoic  acid  (10)
are known derivatives of 3,4-AHBA. Additionally, the newly
identified  alkaloids  vegfrecine  A  (1)  and  vegfrecine  B  (2)
feature a unique p-benzoquinone ring with amino and carbox-
amide  groups,  similar  to  those  in  3,4-AHBA.  This  suggests
that compounds 1−12 might be produced via a shared biosyn-
thetic  pathway. To  elucidate  the  BGCs responsible  for  the
production  of  compounds 1−12 in S.  tanashiensis BYF-112,
the  genome  was  analyzed  using  antiSMASH  v6.0.1,  with  a
focus on identifying the 3,4-AHBA synthase. The analysis re-
vealed one candidate cluster, BGC10, which is similar to the
grixazone BGC found in S.  griseus [30].  This  cluster  is  likely
responsible  for  the  biosynthesis  of  compounds 1−12 (Table
S1). Comparative analysis  with  the  grixazone  cluster  identi-
fied  thirteen  homologous  genes  in  BGC10,  including  those
encoding aspartokinase, DhnA-type aldolase, 3,4-AHBA syn-
thase,  3,4-AHBA  transporter, o-aminophenol oxidase,  cop-

 

Table 5    Cytotoxic  effects  of  compounds 1−6, 8−11 and 13 against  A375,  SKOV-3,  MDA-MB-231,  MGC-803,  and  L02  cells
(mean ± SD, n = 3)
 

Compounds
IC50 (μmol·L−1) a

A375 SKOV-3 MDA-MB-231 MGC-803 L02

1 > 100 76.18 ± 2.09 > 100 > 100 > 100

2 47.25 ± 0.98 > 100 NTb > 100 > 100

3 > 100 > 100 > 100 > 100 > 100

4 > 100 > 100 NT > 100 > 100

5   7.32 ± 1.11   6.09 ± 1.49 > 100   4.61 ± 0.12 56.41 ± 0.47

6   5.85 ± 1.81   8.76 ± 1.21 > 100   7.58 ± 0.13 59.88 ± 1.32

8 > 100 > 100 > 100 > 100 > 100

9 > 100 > 100 > 100 > 100 > 100

10 22.01 ± 0.38 > 100 NT 36.29 ± 1.79 > 100

11   8.20 ± 0.73 11.09 ± 0.98 > 100 13.57 ± 1.09 > 100

13   5.46 ± 1.22 19.28 ± 2.21 NT 11.36 ± 1.02 79.68 ± 1.24

Adriamycinc   1.01 ± 0.48   0.72 ± 0.12 1.21 ± 0.63   0.48 ± 0.61 > 100
a IC50: 50% inhibitory concentration; b NT: not tested; c Adriamycin: positive control.
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per  chaperon,  arylcarboxylate  reductase  components,  major
facilitator superfamily  (MFS)  transporter,  flavin  adenine  di-
nucleotide (FAD)-dependent  oxygenase,  SARP  family  tran-
scriptional activator, nicotinamide adenine dinucleotide phos-
phate (NADP)  oxidoreductase,  and  LuxR  family  transcrip-
tional regulator (Fig. 3A, Table S2).

Previous  research  has  elucidated  the  synthesis  of  the
phenoxazinone  chromophore  in  compounds 3−7 through  a
series of  enzymatic  steps.  Initially,  dihydroxyacetone  phos-
phate  and  L-aspartic-4-semialdehyde  are  catalyzed  by  PheB
and  PheC  to  form  3-amino-4-hydroxybenzoic  acid  (3,4-
AHBA),  based  on  sequence  homology  with  GriI  and  GriH

from S.  griseus [20].  PheG and  PheH,  which  are  homologous
to  GriD and  GriC,  then  reduce  3,4-AHBA to  3-amino-4-hy-
droxybenzaldehyde  (3,4-AHBAL) [31].  Finally,  PheE  and
PheF,  encoded  proteins  similar  to  GriF  and  GriE,  oxidized
3,4-AHBAL to form an o-quinone imine derivative. This de-
rivative  undergoes  a  non-enzymatic  coupling  of  two o-
quinone imine  molecules  to  create  the  phenoxazinone  chro-
mophore (Fig. 3B) [19]. The structural differences among com-
pounds 3−7 primarily involve substitutions at positions C-11
and C-1'. Further examination of the Phe gene cluster did not
reveal any genes responsible for these specific modifications,
suggesting that the genes for these steps may be located out-
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Fig. 3    The Phe BGC (A); a proposed biosynthetic pathway for secondary metabolites 1–12 of from Streptomyces tanashiensis
BYF-112 (B).
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side  the  identified  cluster.  Additionally,  PheE  and  PhF  are
similar  to  NspF  and  NapE from Streptomyces murayamaen-
sis,  which catalyze the conversion of 3,4-AHBA to a nitroso
derivative. This  derivative  can  non-enzymatically  form  fer-
roverdin,  an  analog  of  viridomycin  A  (11),  under  ferric  ion
conditions [29].  It  is,  therefore,  inferred  that  PheE  and  PheF
might  also  oxidize  3,4-AHBAL to  form a  nitroso  derivative
that subsequently complexes to form viridomycin A (11). Vi-
ridomycin F (12) might be produced by the reduction of one
aldehyde  group  in  viridomycin  A  (11) to  a  hydroxymethyl-
ene group by an unidentified reductase.

Compounds 8−10 are  considered  shunt  products  in  the
biosynthetic pathway of Streptomyces tanashiensis BYF-112.
An  arylamine N-acetyltransferase, which  is  not  directly  in-
volved in the primary biosynthetic pathway, may be respons-
ible for the N-acetylation of 3,4-AHBA to produce 3-acetam-
ido-4-hydroxybenzoic  acid  (10)  and  conversion  of  3,4-AH-
BAL  to  3-acetylamino-4-hydroxybenzaldehyde  (9) [32].  The
structural  difference  between N-(2-hydroxy-5-methylphenyl)
acetamide (8) and the other compounds (9 and 10) is the pres-
ence  of  a  methyl  group  at  C-1.  This  suggests  that N-(2-hy-
droxy-5-methylphenyl) acetamide (8) may be produced by an
unknown  reductase  that  reduces  the  carboxyl  group  of  3,4-
AHBA to a methyl group.

Vegfrecine A (1) and vegfrecine B (2), bearing a unique
p-benzoquinone  ring,  are  likely  derived  from  the  precursor
3,4-AHBA. The quinone skeleton of  vegfrecine A (1)  might
be  formed  by  the  oxidation  of  3,4-AHBA derivatives  (com-
pounds 8−10)  catalyzed  by  the  FAD-dependent  oxygenase
(PheJ)  or  the NADP oxidoreductase (PheL).  The subsequent
condensation  of  3,4-AHBAL and  the p-benzoquinone deriv-
ative  to  form  vegfrecine  A  (1)  could  also  be  catalyzed  by
these enzymes.  The structural  difference between vegfrecine
A  (1)  and  vegfrecine  B  (2) involves  the  position  of  the  hy-
droxymethylene  group  on  the  benzene  ring,  suggesting  that
an  unknown  reductase  might  reduce  the  aldehyde  group  of
vegfrecine A (1) to a hydroxymethylene group in vegfrecine
B (2).

Based  on  bioinformatic  analysis  and  previous  literature,
we  propose  a  unique  biosynthetic  pathway  for  compounds
1−12. Notably, three different types of molecules seem to be
derived  from  the  same  biosynthetic  gene  cluster  (BGC),
which contrasts with the conventional view that a single BGC
typically produces a single type of metabolite. Moreover, the
genes responsible for modifying these metabolites, especially
the new compounds (2, 3,  and 7),  are  not  located within the
Phe BCG.  These  findings  highlight  that  genome  mining
strategies for discovering new natural products may overlook
unknown compounds present in organisms if only guided by
DNA sequences. Further studies are required to elucidate the
detailed biosynthetic pathways of compounds 1−12.

 Experimental

 General experimental procedures
Silica  gel  (300–400  mesh)  for  column  chromatography

(CC)  and  silica  gel  GF254 for  thin  layer  chromatography
(TLC) were sourced from Qingdao Marine Chemical Factory,
China. High-resolution electrospray ionization mass  spectro-
metry (HR-ESI-MS) spectra were acquired using a Time-of-
Flight  Mass  Spectrometer  G6230AA (Agilent  Technologies,
Santa  Clara,  CA,  USA). 1H, 13C,  and  2D  nuclear  magnetic
resonance (NMR) spectra were recorded on an Agilent  DD2
600 MHz spectrometer at the Biotechnology Centre of Anhui
Agriculture  University.  Chemical  shifts  (δ)  were  referenced
to  tetramethylsilane  (TMS)  and  solvent  signals  as  internal
standards.
 Isolation and identification of BYF-112

Odontotermes  formosanus specimens  were  collected
from the suburbs of Jiangyin City, Jiangsu Province. Twenty
insects were suspended in 1 mL of 1× phosphate buffer, fol-
lowed  by  serial  dilution  to  concentrations  of  10−1,  10−2,  and
10−3 in 1× phosphate buffer.  From each dilution, 100 μL ali-
quots  were  plated  onto  M3  culture  medium,  which  contains
0.12 g of citrate,  0.12 g of citric acid monohydrate,  1.5 g of
NaNO3, 0.4 g of K2HPO4•3H2O, 0.1 g of MgSO4•7H2O, 0.05 g
of CaCl3•H2O, 0.02 g of EDTA, 0.2 g of Na2CO3, and 15.0–
20.0 g of agar per liter of sterilized water, supplemented with
potassium  dichromate  (50  mg·L−1)  and  nalidixic  acid  (25
mg·L−1). The plates were incubated at 28 °C for four days to
allow bacterial growth. Resulting colonies were sub-cultured
on new Gause’s  No.  1  medium to  obtain  pure  cultures  (Fig.
S1).  The  bacterial  strain  was  identified  as Streptomyces
tanashiensis with  99% identity, based  on  16S  rDNA  se-
quence analysis (GenBank accession number: KU324452.1).
 Cultivation and extraction

Streptomyces tanashiensis BYF-112 was initially cultiv-
ated in 100 mL of Gause’s No.1 medium (20 g soluble starch,
0.5  g  KNO3,  0.5  g  of  K2HPO4•3H2O,  0.5  g  MgSO4•7H2O,
0.5 g NaCl, 0.01 g of FeSO4•7H2O per liter of sterilized wa-
ter) in a 250 mL flask. After three days of incubation at 28 °C
on a  rotary  shaker  at  180 r·min−1,  30  mL of  the  culture  was
transferred  into  400  mL  of  Gause’s  No.  1  medium  in  1  L
flasks  (39 × 400  mL,  total  volume  15.6  L)  and  incubated  at
28 °C on a  rotary  shaker  at  180 r·min−1 for  seven days.  The
fermentation  broth  (15.6  L)  was  then  filtered  and  extracted
three times with ethyl acetate (3 × 15.6 L) at room temperat-
ure. The combined ethyl acetate extracts were evaporated un-
der reduced pressure to yield a black oily residue.
 Purification of compounds 1–13

The oily residue was subjected to silica gel column chro-
matography, using dichloromethane/methanol mixtures of in-
creasing  polarity  (100∶0,  100∶1,  100∶2,  100∶4,  and
100∶8, V/V),  resulting  in  five  fractions  (Fr.  1–Fr.  5).  Fr.  1
((dichloromethane/methanol 100∶0, V/V) was purified by re-
crystallization  to  yield  compound 13 (2.8  mg).  Fr.  2  (di-
chloromethane/methanol  100∶1, V/V) was  purified  by  re-
crystallization  to  yield  compound 8 (10.6  mg).  Fr.  3  (di-
chloromethane/methanol  100∶2, V/V)  was  separated  into
four  subfractions  (R1–R4). Subfraction R1 was  further  puri-
fied by silica gel  column chromatography (dichloromethane/
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methanol 100∶8, V/V) to yield compounds 11 (8 mg) and 12
(7 mg).  Subfraction  R2  was  recrystallized  to  yield  com-
pounds 5 (18.7  mg)  and 10 (13.1  mg).  by  silica  gel  column
chromatography  (petroleum  ether/ethyl  acetate  10∶1, V/V),
followed by Sephadex LH-20 chromatography and recrystal-
lization to yield compound 2. Fr. 4 (dichloromethane/methan-
ol  100∶4, V/V)  was  purified  by  recrystallization  to  yield
compound 9 (10.3  mg)  and  subfraction  R1.  Subfraction  R1
was further purified by silica gel column chromatography (di-
chloromethane/methanol  mixtures  of  increasing  polarity:
100∶0, 100∶1, 100∶2, 100∶4, and 100∶8, V/V) to yield
four subfractions (R1–R4). R1 was subjected to Sephadex LH-
20  column  chromatography  (methanol)  and  recrystallized  to
yield  compounds 7 (2.3  mg), 6 (11.7  mg),  and 1 (14.6  mg),
respectively.  Compound 3 (12.3 mg) was purified from sub-
fraction  R3  using  silica  gel  column  chromatography  (petro-
leum ether/ethyl  acetate  10∶1, V/V) and  subsequent  recrys-
tallization. Subfraction R4 was purified by silica gel column
chromatography  (dichloromethane/methanol  100∶4, V/V)
and recrystallized to yield compound 4 (11.2 mg).
 Antibacterial bioassay

The antibacterial  activity  of  the  metabolites  was  as-
sessed using  the  disc  diffusion  method,  as  previously  de-
scribed [11]. Briefly, S. aureus, M. tetragenus, and E. coli were
cultivated  on  Luria  Broth  (LB)  medium  at  37  °  C  for  12  h.
Following  this,  0.1% of  bacterial  suspensions  were  spread
onto solid media plates. Filter paper disks containing 5 μL of
metabolite  solution  (6  mg·mL−1)  were  placed  on  the  plates,
which were then incubated at 37 °C for 24 h. The procedure
for P. syringae pv. actinidae was similar, with the exception
that the incubation temperature was set at 28 °C.
 Cytotoxicity bioassay

The cytotoxicity  of  the  compounds  was  evaluated  using
the  standard  colorimetric  MTT  assay [33, 34]. Cells  were  cul-
tured in DMEM medium containing 10% fetal bovine serum.
The  cells  were  then  diluted  to  a  concentration  of  3  × 104

cells/mL in  a  complete  medium,  and  100 μL of  this  suspen-
sion  was  added  to  each  well  of  96-well  plates.  The  plates
were  incubated  at  37 °C  in  a  5% CO2 atmosphere  for  24  h.
Various  concentrations  of  compounds  (1−6, 8−11,  and 13)
were  tested  against  human  malignant  melanoma  cell  lines
(A375),  human  ovarian  cancer  cell  lines  (SKOV-3),  human
breast cancer  cell  lines  (MDA-MB-231),  human gastric  can-
cer  cell  lines  (MGC-803),  and  normal  cell  lines  (L02).  The
IC50, representing the concentrations required to achieve 50%
inhibition of cell growth, were calculated.
 Genome sequencing, assembly, and analysis

Genomic  DNA  from  BYF-112  was  extracted  using  a
bacterial  DNA  kit  (OMEGA).  The  genome  was  sequenced
using  a  combination  of  PacBio  RS  and  Illumina  sequencing
platforms.  Gene  sequences  were  predicted  using  Glimmer
software version  3.0.  De  novo  assembly  was  performed  us-
ing  ABySS  (http://www.bcgsc.ca/platform/bioinfo/software/
abyss)  and  Canu  (https://github.com/marbl/canu).  Sequence
annotation  was  conducted  using  the  non-redundant  (NR)

database in NCBI, SwissProt (http://uniprot.org), KEGG (ht-
tp://www.genome.jp/kegg/),  and  COG  (http://www.ncbi.
nlm.nih.gov/COG).  Biosynthetic  gene  clusters  (BGCs)  for
secondary  metabolites  were  identified  using  antiSMASH
v6.0.1.

 Conclusions

In this  study,  we isolated and identified  four  new alkal-
oid  derivatives  (1, 2, 3,  and 7)  and  nine  known  metabolites
(4−6, 8−13) from extracts of Streptomyces tanashiensis BYF-
112.  Among  these  compounds,  viridomycin  A  (11) and  vi-
ridomycin F (12)  demonstrated potent  antibacterial  activities
against Staphylococcus aureus, Micrococcus tetragenus, and
Pseudomonas  syringae pv. actinidae. Additionally, vi-
ridobruunine A (5), exfoliazone (6), viridomycin A (11), and
X-14881E  (13)  exhibited  significant  cytotoxicity  against
A375, SKOV-3, and MGC-803 cancer cell lines, with effects
comparable  to  those  of  adriamycin.  The  insect-associated S.
tanashiensis BYF-112 thus represents  a  promising source of
novel  antibacterial  and  anticancer  agents.  However,  further
studies  are  required  to  elucidate  the  mechanisms  underlying
the antibacterial and cytotoxic activities of these compounds.
Moreover, our  analysis  of  the  BGC responsible  for  the  pro-
duction of compounds 1−12 revealed that a single BGC could
generate three different skeleton types of secondary metabol-
ites. This  insight  provides  a  foundation  for  future  bioengin-
eering and biosynthetic research. In conclusion, our investig-
ations  offer  a  theoretical  basis  for  the  development  of  novel
bioactive natural products.

 Supporting Information

Supporting  information  can  be  requested  by  sending  E-
mail to the corresponding author.
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