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Abstract 

Background  Bioprospecting of actinobacteria isolated from Kubuqi desert, China for antibacterial, antifungal and 
cytotoxic metabolites production and their structure elucidation.

Results  A total of 100 actinobacteria strains were selectively isolated from Kubuqi desert, Inner Mongolia, China. The 
taxonomic characterization revealed Streptomyces as the predominant genus comprising 37 different species, along with 
the rare actinobacterial genus Lentzea. The methanolic extracts of 60.8% of strains exhibited potent antimicrobial activi-
ties against Staphylococcus aureus, Micrococcus luteus, Bacillus subtilis, Escherichia coli, Salmonella enterica, Saccharomyces 
cerevisiae and high to mild in vitro cytotoxicity against PC3 (prostate cancer) and A549 (lung carcinoma) cell lines. The 
metabolomics analysis by TLC, HPLC-UV/vis, HPLC-MS and NMR showed the presence of compounds with molecular 
weights ranging from 100 to 1000 Da. The scale-up fermentation of the prioritized anti-Gram-negative strain PU-KB10–4 
(Streptomyces griseoviridis), yielded three pure compounds including; griseoviridin (1; 42.0 mgL− 1) with 20 fold increased 
production as compared to previous reports and its crystal structure as monohydrate form is herein reported for the first 
time, mitomycin C (2; 0.3 mgL− 1) and a new bacterial metabolite 4-hydroxycinnamide (3; 0.59 mgL− 1).

Conclusions  This is the first report of the bioprospecting and exploration of actinobacteria from Kubuqi desert and 
the metabolite 4-hydroxycinnamide (3) is first time isolated from a bacterial source. This study demonstrated that 
actinobacteria from Kubuqi desert are a potential source of novel bioactive natural products. Underexplored harsh 
environments like the Kubuqi desert may harbor a wider diversity of actinobacteria, particularly Streptomyces, which 
produce unique metabolites and are an intriguing source to develop medicinally valuable natural products.
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Introduction
As the twenty-first century unfolds, the threat of anti-
microbial resistance (AMR) to human health gets more 
pervasive. In 2019, an estimated 4.95 million deaths were 
attributed to bacterial AMR [1]. Antibiotic-resistant ill-
nesses cause around 2.8 million hospitalizations and 
approximately 35,000 fatalities each year in the United 
States [2]. As a result, ensuring the efficacy of antimicro-
bials is essential for human health in the years to come 
[3]. Antibiotic research in the pharmaceutical business 
has taken many forms over the last two decades. Ran-
dom screening for new active compounds followed by 
chemical optimization employing simple antibiotic activ-
ity as primary selection has been the winning approach 
[4]. Novel culture techniques boosted throughput with 
minimum resources, solving one of the conventional fer-
mentation’s primary limits. Similarly, advanced bacterial 
isolation processes have also helped discover new species 
of actinomycetes [5].

Streptomyces is the largest bacterial genus in Actino-
mycetota, a dominating bacterial phylum [6]. This is 
the prominent source of natural compounds and their 
synthetic analogues make up a considerable fraction of 
clinically useful antibiotics. Over 70% of actinobacterial 
metabolites show antibacterial activity [7], and 64% of the 
known antibiotic families are produced by filamentous 
actinomycetes [8], making this an extremely important 
source of natural products. Actinobacteria are a group of 

filamentous, Gram-positive bacteria known as efficient 
producers of secondary metabolites with a wide range of 
biological activities including antibacterial [9, 10], anti-
biofilm [11, 12], antioxidant [13], antitumor [14], anti-
fungal [15], and anti-inflammatory [16] activities. The 
significant contribution of actinobacteria in drug dis-
covery has encouraged scientists to explore these bacte-
ria from diverse and untapped environments [17]. Many 
unique structures of natural products have been isolated 
from actinobacteria, particularly from the underexplored 
extreme environments [18].

Underexplored sites, such as desert environments, 
are believed to be abundant with novel actinobacteria 
due to unusual climatic conditions [19, 20]. Such arid 
and hyper-arid deserts cover almost one-quarter of the 
Earth’s land surface. Actinobacteria have been isolated 
from desert soils of Amargosa desert in Nevada [21], 
the Mojave [22], Mongolian [23], Sahara [24], Tataouine 
[25], Atacama Desert [26], Cholistan desert [27–29], and 
the Taklamakan desert in Xinjiang province, China [30]. 
In China, nearly 27% of the land area is desert [31]. The 
Ordos desert is located in the south of Inner Mongolia 
in the People’s Republic of China. It consists of two big 
deserts: Kubuqi desert and Muu-us desert (Fig.  1). The 
Kubuqi Desert is the seventh-largest in China, cover-
ing 18,600 km2 [33]. The diversity of actinobacteria from 
these environments and their metabolic capabilities are 
unexplored.

Fig. 1  A Map of Kubuqi desert, Inner Mongolia, China (Map used with permission) [32]. b and c Samples collected from different areas of Kubuqi 
desert, China
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Herein we describe the taxonomy and metabolomics 
profiling of actinobacteria strains isolated from Kubuqi 
desert, China. Taxonomy was based on 16S rRNA 
sequencing, bioactivity analysis included in  vitro anti-
bacterial, antifungal and anticancer assays and metabo-
lite screening employed standard chromatographic 
techniques (TLC, HPLC-UV/vis, and HPLC-MS). The 
scale-up fermentation of one representative strain named 
PU-KB10–4, selected based on metabolomics profile and 
bioactivity, is also reported. The isolation and structure 
elucidation revealed this strain to be the producer of a 
new bacterial metabolite.

Results
Taxonomy of the selected actinobacteria strains
A total of 100 strains were recovered from the Kubuqi 
desert soil samples. Most of the strains produced 
rounded, raised, embedded, and hard textured colo-
nies with colony size ranging from 2 to 5 mm and a few 
produced white powder like spore mass on the agar 
plates (Additional file 1: Fig. S1). Some strains produced 
light brown (PU-KB1–4), dark brown (PU-KB10–4, 
PU-KB10–11, PU-KB12–15), and black (PU-KB2–2) dif-
fused pigments. The substrate and aerial mycelia of cer-
tain strains also displayed various colors e.g., PU-KB10–4 
displayed light yellow colored substrate mycelia and dark 
yellow colored aerial mycelia.

Most of the strains were melanin producers. The 
strains were able to use different sugars e.g. D-xylose 
(63.5%), Mannitol (84.7%), Mannose (96.4%), Sucrose 
(63.5%), Fructose (77.6%), and Arabinose (63.5%) as the 
sole source of carbon. Glucose (98.8%) was utilized by 
maximum number of the strains. The strains PU-KB3–
3, PU-KB3–6, PU-KB5–1, PU-KB5–2, PU-KB5–7, 
PU-KB5–25, PU-KB10–1, PU-KB10–4, and PU-KB10–
11 utilized all sugars that were tested as sole source of 
carbon. The esculin and urea were hydrolyzed by 77.6% 
and 96.4% strains respectively. Most of the strains uti-
lized organic acids such as trisodium citrate (90.5%) 
and sodium malonate (85.8%). Likewise, most of the 
strains exhibited organic acid formation (92.9%) includ-
ing PU-KB9–8, PU-KB9–11, and PU-KB12–8 being the 
prominent ones. Most of the strains were also positive 
for oxalate utilization (89.4%) and exhibited clear zone 
on the agar supplemented with oxalate (Additional file 2: 
Table S1).

The Neighbor-Joining phylogenetic tree of Kubuqi 
desert actinobacteria was constructed (Fig.  2). The 16S 
rRNA gene sequencing data of 96 strains showed per-
centage similarity with actinobacteria, the term which 
has recently been updated to phylum Actinomycetota 
[38]. The similarity index was obtained from BLAST 
[39] analysis on EzBioCloud [40]. Among all the strains, 

27 strains displayed 100% similarity with different spe-
cies of Streptomyces, while 68 strains exhibited > 99% 
but < 100% similarity with the genus Streptomyces. Only 
one strain PU-KB10–7 displayed < 99% similarity; it was 
98.97% similar to the type strain Streptomyces rochei 
(SI, Table  S2). The strain PU-KB6–1 exhibited 100% 
similarity with Streptomyces deserti, similarly the strains 
PU-KB7–6 and PU-KB9–7 displayed 100% similarity 
with Streptomyces levis (Additional file 3: Table S2). The 
strains PU-KB1–5 and PU-KB9–13 exhibited 100% simi-
larity with Streptomyces iakyrus. Strain PU-KB5–9 exhib-
ited 99.47% similarity with Streptomyces badius. The 
strains PU-KB6–6 and PU-KB6–9 displayed 100% while 
PU-KB10–5 exhibited 99.89% similarity with Streptomy-
ces rochei. Four strains including PU-KB5–13, PU-KB5–
14, PU-KB5–22, and PU-KB5–24 were closely related to 
the rare actinobacteria genus Lentzea and exhibited close 
similarity to Lentzea albida with 99.19%, 99.24%, 99.25% 
and 99.29%, respectively.

Antimicrobial activity
The average OD600 values after normalizing with con-
trols showed significant antimicrobial actinobacteria 
strains. Among all the strains, 35 showed inhibitory 
activity against B. subtilis. The most active strains were 
PU-KB2–3 and PU-KB12–7 with 94.2% and 94.3% inhi-
bition respectively. While, 21 strains showed activity 
against M. luteus with 95–98% inhibition. The 18 actin-
obacterial strains inhibited S. aureus. Interestingly, only 
one strain PU-KB10–4 showed significant anti-Gram-
negative activity against E. coli and antifungal activity 
against S. cerevisiae along with other five strains includ-
ing PU-KB2–4, PU-KB3–2, PU-KB3–3, PU-KB10–7, and 
PU-KB11–4. The percentage of actinobacteria strains 
active against test pathogens is given in Fig. 3a. The per-
centage inhibition of each strain is given in Additional 
file 4: Table S3.

In‑vitro cytotoxicity assay
The methanolic crude extracts of actinobacterial strains 
were tested for cytotoxicity by resazurin florescent assay. 
The strains PU-KB5–19, PU-KB9–5, PU-KB10–9, and 
PU-KB12–12 exhibited 0–2% cell viability (98–100% 
cytotoxicity) against both PC3 and A549 cell lines which 
indicated that these strains are highly cytotoxic. The 
extracts of 11 strains showed up to 15–20% cell viabil-
ity (80–85% cytotoxicity) in both cell lines. Some strains 
exhibited interesting results, like methanolic extract of 
PU-KB2–2 exhibited approximately 50–55% cell viabil-
ity (45–50% cytotoxicity) in A549 but did not show any 
significant cell viability in a PC3 cell line. The extract of 
strain PU-KB5–11 resulted in 60% of viable cells (40% 
cytotoxicity) in the PC3 cell line. The extract of strain 
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PU-KB6–10 showed almost 55% cell viability (45% cyto-
toxicity) in PC3 but 80% cell viability (20% cytotoxicity) 
in the A549 cell line, which means it was more cytotoxic 
against PC3 cell lines. The percentage of mild to high 
cytotoxic actinobacteria against cancer cell line is given in 
Fig. 3b. The cytotoxicity percentage of each strain against 
both cell lines is given in Additional file 4: Table S3.

Chemical profiling
The thin-layer chromatography (TLC) analysis 
was done by visualizing the TLC plates under UV 
(254 nm and 366 nm) and staining with anisaldehyde/
H2SO4 reagent. The methanolic extracts of the strains 

PU-KB1–6, PU-KB5–11, PU-KB6–10, PU-KB6–13, 
PU-KB8–2, PU-KB10–4, and PU-KB12–3 exhibited 
prominent bands under UV. The strains PU-KB5–11, 
PU-KB5–15, PU-KB6–10, and PU-KB9–10. PU-KB2–
3, PU-KB2–4, PU-Kb3–2, PU-KB5–17, PU-KB6–7, 
PU-KB7–4, PU-KB7–7, and PU-KB7–8 showed yellow-
orange-colored bands on TLC, indicating the presence of 
some actinomycin-like compounds (Additional file 5: Fig. 
S2).

The HPLC-UV/vis analysis exhibited very diverse 
and exciting peaks at different retention times with 
characteristic UV signature of various bioactive com-
pounds. The strain with selective activity against Bacillus 

Fig. 2  The Neighbor-Joining phylogenetic tree of Kubuqi desert actinobacteria [34]. The percentage of replicates  in which the associated taxa 
clustered together in the bootstrap test (1000 replicates) are shown next to the branches [35]. The tree is drawn to scale, with branch lengths in 
the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the 
Maximum Composite Likelihood method [36] and are in the units of the number of base substitutions per site. This analysis involved 94 nucleotide 
sequences. All ambiguous positions were removed for each sequence pair (pairwise deletion option). There were a total of 1416 positions in the 
final dataset. Evolutionary analyses were conducted in MEGA11 [37].
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subtilis, PU-KB5–11 showed three significant peaks at tR 
10.344 min, tR 17.903 min, and tR 19.163 min (Additional 
file 6: Fig. S3). The crude extract of the anti-Gram-neg-
ative strain PU-KB10–4 produced one prominent peak 
at tR 13.018 min and two minor peaks at tR 9.968 min and 
tR 22.782, respectively (Additional file  7: Fig. S4). The 
crude extracts of other active strains like PU-KB5–19, 
PU-KB6–10, PU-KB8–2, PU-KB9–11, PU-KB12–3, and 
PU-KB12–13 showed the presence of more than 3–4 sig-
nificant compounds in the extracts at different retention 
times (Table 1).

The HPLC-MS analysis showed the presence of dif-
ferent compounds with various molecular masses such 
as the strain PU-KB5–11 showed three major peaks, at 
tR 13.953 min with 586 Da, interestingly the peaks at tR 
22.222 min and 23.676 min had the same mass of 742 Da. 
The strain PU-KB8–2 had two significant peaks and 
the calculated mass for both was 1136 Da and 1118 Da, 
respectively (Additional file  8: Fig. S5). The strain 
PU-KB9–11 had one prominent peak of molecular mass 
298 Da (Additional file  9: Fig. S6). The only anti-Gram-
negative strain PU-KB10–4 showed various peaks, but 
the most significant one had a molecular mass of 459 Da 
(Additional file 10: Fig. S7). The chromatogram of strain 
PU-KB11–5 showed two significant peaks with the 
molecular mass of 291 Da and 1136 Da, respectively. Sim-
ilarly, the strain PU-KB12–3 also showed two significant 
peaks with mass 465 Da and 408 Da, respectively (Addi-
tional file 11: Fig. S8). Nine strains PU-KB2–3, PU-KB2–
4, PU-KB3–2, PU-KB5–17, PU-KB6–2, PU-KB6–7, 
PU-KB7–4, PU-KB7–7, and PU-KB7–8 all were cytotoxic 

and showed many different peaks, but one peak was iden-
tical in all at tR 33.201 min, with the molecular weight of 
1254 Da (Additional files 12, 13, 14 and 15: Fig. S9-S12) 
consistent with actinomycin D.

Structure elucidation, X‑ray crystallography and bioactivity 
of metabolites from Streptomyces sp. PU‑KB10–4
The chemical structures of the known compounds 1–3 
(Fig.  4) were established based on 1D and 2D NMR 
spectroscopy, mass spectrometry, HPLC-UV/vis, and 
HPLC-MS data and by comparing with literature data. 
Compounds 1–3 were identified and established as gri-
seoviridin (1; also known as F-1370-B), mitomycin C (2) 
and 4-hydroxycinnamide (3).

These compounds belong to different classes of natural 
products, which include the modified cyclic peptide/23-
membered macrolactone antibiotic (1) (Additional files 
16, 17, 18, 19, 20, 21, 22, 23, 24 and 25, Fig. S13-S22), a 
quinone/aziridine (2) (Additional files 26, 27, 28, 29 and 
30, Fig. S23-S27) and phenylpropanoid (3) (Additional 
files 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39 and 40, 
Fig. S28-S37) (Fig. 5). The physicochemical properties of 
compounds 1–3 are given in Additional file 41.

Mitomycin C (2) belongs to the quinone/aziridine-
mitomycin structural class, and this class of com-
pounds played an essential role as a chemotherapeutic 
drug and have been used frequently in the treatment 
of various types of cancers [41–52]. It is pertinent to 
mention here that, while the molecular structure of gri-
seoviridin (1) has been published previously as a metha-
nol solvate [53–55] we report herein for the first time the 

Fig. 3  a Percentage of actinobacteria strains which showed activity against Gram-positive, Gram-negative bacteria and yeast b Percentage of 
actinobacteria strains which showed cytotoxicity against cancer cell lines
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Table 1  Metabolomics profile of the bioactive actinobacterial strains originated from Kubuqi desert China

Strains Thin-layer chromatography (TLC) profile HPLC- 
retention time 
(tR/min)

(+) and (−)-ESI-MS: (m/z) Molecular 
Weight

Antimicrobial, antifungal, 
and cytotoxic activity

UV visualization Anisaldehyde/H2SO4 
Staining

PU-KB2–3 254 nm 3 bands
366 nm 3 bands

3 orange bands 33.201 1255[M + H]+, 1253[M-H]− 1254 Approx. 65% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB2–4 254 nm 3 bands
366 nm 3 bands

3 orange bands 33.201 1255[M + H]+, 1253[M-H]− 1254 Approx. 65% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB3–2 254 nm 2 bands
366 nm 2 bands

2 orange bands 33.201 1255[M + H]+, 1253[M-H]− 1254 Approx. 65% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB5–11 254 nm 4 bands
366 nm 4 bands

1 dark blue band,
3 light blue bands

13.953
22.222
23.676

587[M + H]+, 585 [M-H]−

743[M + H]+, 777 [M + Cl]−

743[M + H]+, 777 [M + Cl]−

586
742
742

Highly active only against B. 
subtilis. Approx. 40% cytotoxic 
against PC3 cell line

PU-KB5–17 254 nm 1 band
366 nm 4 bands

2 orange bands 33.201 1255[M + H]+, 1253[M-H]− 1254 Approx. 65% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB5–19 254 nm 1 band
366 nm 3 bands

3 light purple bands 24.393 423[M + H]+, 421 [M-Cl]− 422 Highly active only against B. 
subtilis

PU-KB6–2 254 nm 3 bands
366 nm 3 bands

3 orange bands 33.201 1255[M + H]+, 1253[M-H]− 1254 Approx. 65% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB6–7 254 nm 1 band
366 nm 1 band

1 orange band 33.201 1255[M + H]+, 1253[M-H]− 1254 Approx. 65% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB6–10 254 nm 4 bands
366 nm 3 bands

1 yellow band,
1 blue band,
1 purple band

11.904 518[M + H]+, 516 [M-H]− 517 Highly active against only M. 
luteus. Approx. 40% cytotoxic 
against A549 and 65% 
against PC3 cell line

PU-KB7–4 254 nm 3 bands
366 nm 6 bands

3 orange bands 33.201 1255[M + H]+, 1253[M-H]− 1254 Approx. 65% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB7–7 254 nm 3 bands
366 nm 5 bands

3 orange bands,
1 yellow band

33.201 1255[M + H]+, 1253[M-H]− 1254 Approx. 70% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB7–8 254 nm 6 bands
366 nm 5 bands

4 orange bands 33.201 1255[M + H]+, 1253[M-H]− 1254 Approx. 70% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB8–2 254 nm 3 bands
366 nm 3 bands

2 yellow bands,
1blue band

21.387
24.852

1137[M + H]+, 1135[M-H]−

1119[M + H]+, 1117[M-H]−
1136
1118

Potent activity against B. 
subtilis, M. luteus and S. 
aureus. Approx. 70% cytotoxic 
against A549 and PC3 cell 
lines

PU-KB9–11 254 nm 1 band
366 nm 1 band

4 pale yellow bands 15.354 299[M + H]+, 
343[M + HCOO]−

298 Highly active only against B. 
subtilis and M. luteus. Approx. 
20% cytotoxic against PC3 
cell line

PU-KB10–4 254 nm 2 bands
366 nm 4 bands

0 bands 16.934 460[M + H]+, 476[M-OH]− 459 Potent activity against B. 
subtilis, M. luteus and S. aureus. 
Highly active against Gram-
negative E. coli. Approx. 40% 
cytotoxic against PC3 cell line

PU-KB11–5 254 nm 3 bands
366 nm 3 bands

2 pale yellow bands,
1 light purple band

15.423
21.385

292[M + H]+, 290[M-H]−

1137[M + H]+, 1135[M-H]−
291
1136

No preliminary antimicrobial 
activity. Approx. 30% cyto-
toxic against PC3 cell line

PU-KB12–3 254 nm 1 band
366 nm 0 band

0 band 24.078
22.982

373[(M-2H2O) + H]+, 
407[M-H]−

466[M + H]+, 464[2 M-H]−

408
465

Potent activity against Bacillus 
subtilis, M. luteus and S. aureus
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crystal structure of 1 as a monohydrate form (Fig. 6). It 
is also important to note that this is the first report of 
4-hydroxycinnamide (3) production from bacteria. Crys-
tallographic data for the structure of compound 1 have 
been submitted to the Cambridge Crystallographic Data 
Centre (CCDC) as supplementary publication 2,055,325.

All the isolated pure compounds from Streptomyces 
sp. PU-KB10–4 (1–3) were tested for standard antimi-
crobial, antifungal, and cytotoxicity against cancer cell 
lines. The IC50 value was  calculated against the  can-
cerous cell lines; A549 and PC3. Among them, only 

compound 2 exhibited pronounced activity at the con-
centrations ≤80 μ mol in the cytotoxicity assays (A549, 
IC50 1.06 μM; PC3, IC50 3.04 μM) (Fig. 7).

Discussion
To the best of our knowledge, there is no documented 
study about the actinobacterial diversity and isolation 
from the Kubuqi desert, Inner Mongolia, China. In this 
study, 100 actinobacteria strains were isolated, identi-
fied, and profiled for bioactivity and metabolomics. It 

Table 1  (continued)

Strains Thin-layer chromatography (TLC) profile HPLC- 
retention time 
(tR/min)

(+) and (−)-ESI-MS: (m/z) Molecular 
Weight

Antimicrobial, antifungal, 
and cytotoxic activity

UV visualization Anisaldehyde/H2SO4 
Staining

PU-KB12–13 254 nm 1 band
366 nm 0 band

0 band 19.617 304[M + H]+, 302[M-H]− 303 Approx. 40% inhibition of S. 
cerevisiae

Fig. 4  Chemical structures of compounds 1–3 

Fig. 5  a 1H,1H-COSY (▬) and selected HMBC (→) correlations of compounds 1 and 3. b TOCSY ( ) and selected NOESY ( ) correlations of 
compound 1 
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was determined that majority of the strains belonged to 
the Streptomycetacae family, specifically distinct spe-
cies of the genus Streptomyces, and that a few strains 
belonged to the rare actinobacterial genus Lentzea, 
from Pseudonocardiaceae family. Isolating rare actino-
bacterial genera is significant since they are slow grow-
ers and difficult to retrieve from mixed cultures, hence 
less often explored for bioactivity screening. Lentzea 
species have produced six novel diene glycosides with 
anti-HIV integrase activity [56, 57]. The high frequency 

of Streptomyces genus isolation from desert soils has 
also been reported in earlier investigations [27, 58]. 
Although the Streptomyces genus has an enormous 
variety of species, as 38 different Streptomyces species 
have been identified from this location, only a few have 
been studied extensively for bioactivity screening and 
metabolomics analysis.

The argument that exploring unique and untapped eco-
logical niche might yield better diversity of actinobacte-
ria and unique metabolites is supported by the outcome 

Fig. 6  a Crystal structure of griseoviridin (1) in monohydrate form; b The reported crystal structure of griseoviridin (1) as a methanol solvate [55]

Fig. 7  a % Viability of A549 (non-small lung) and PC3 (prostate) human cancer cell lines (after 72 h) at 80 μM concentration of compounds 1–3. 
b Dose-response of compounds 1–3 against A549 (non-small cell lung) human cancer cell line (72 h). (c) Dose-response of compounds 1–3 
against PC3 (prostate) human cancer cell line (72 h). A549: IC50 for the compounds 1 ((> 80 μM), 2 (1.06 ± 0.04 μM) and 3 (> 80 μM). PC3: IC50 for the 
compounds 1 (> 80 μM), 2 (3.04 ± 0.25 μM) and 3 (> 80 μM)
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of this study. As the results showed, about 60.8% of the 
strains exhibited activity against pathogenic test organ-
isms. Among the active strains, 83.3% were anti-Gram-
positive, i.e. 50.7% of the strains exhibited activity against 
B. subtilis, 30.4% were active against M. luteus and 26.0% 
exhibited activity against S. aureus. This threshold of 
bioactivity is significant as compared to previous stud-
ies where desert actinobacteria were screened and about 
43.7% of the strains were active against Gram-positive 
pathogens [59]. In case of activity against Gram-nega-
tive bacteria, the strain PU-KB10–4 was found to be the 
only strain exhibiting prominent growth inhibition of E. 
coli and S. enterica. In a previous study [60], five out of 
134 isolates from desert soil showed anti-Gram-negative 
activity, this is in accordance with the routine antibiot-
ics screening outcomes that the ratio of obtaining anti-
Gram-negative strains is usually low as compared to the 
anti-Gram positive strains. Similarly, seven strains exhib-
ited significant activity against yeast (S. cerevisiae), this 
activity might be due to the non-selective cytotoxicity 
of the strains but interestingly four of these antifungal 
strains including PU-KB3–3, PU-KB10–7, PU-KB10–8 
and PU-KB11–4 exhibited low cytotoxicity against 
human cell lines, which indicated that these strains 
could be promising candidates for antifungal compounds 
screening. In the in-vitro cytotoxicity, determined against 
two human cancer cell lines, the extracts of some strains 
were found to be highly cytotoxic, leaving only 0–2% via-
ble cells. Among all the strains tested for in-vitro cyto-
toxicity, about 16% strains showed mild cytotoxicity, up 
to 20–30% cell viability. The high to mild or low cytotox-
icity of these desert actinobacteria along with a kind of 
broad spectrum antimicrobial activity predict that dev-
illing conditions in the desert might have enabled these 
bacteria to develop unique or unusual biosynthetic path-
ways to produce diverse secondary metabolites.

The combined bioactivity data and metabolomic pro-
files (TLC, HPLC-UV/vis, and HPLC-MS) of the strains 
helped to predict the ability of the strains to produce 
unique or common compounds, which in turn helped to 
exercise dereplication and to prioritize the strains for pre-
parative screening. The seven strains including PU-KB5–
11, PU-KB6–10, PU-KB8–2, PU-KB9–9, PU-KB10–4, 
PU-KB12–3 and PU-KB12–13 were designated as priority 
strains for future studies by scale up studies. Among these, 
the strain PU-KB5–11, designated as Streptomyces asenjo-
nii, exhibited antibacterial activity against B. subtilis and 
cytotoxic activity against PC3, while in a previous study 
[61] Streptomyces asenjonii exhibited mild anti-Gram-neg-
ative activity as well. The strain PU-KB8–2 and PU-KB9–9, 
identified as Streptomyces djakartensis exhibited cytotox-
icity and growth inhibition of B. subtilis, M. luteus and S. 
aureus which is in accordance with the already reported 

study [62], in which they isolated two antibacterial com-
pounds ((E)-2-methoxy-1,4 naphthoquinone-1-oxime 
and N-acetyltryptamine) from the fermented broth of 
Streptomyces djakartensis NW35. The strain PU-KB12–3, 
identified as Streptomyces wuyuanensis exhibited only 
anti-Gram-positive activity against B. subtilis, M. luteus 
and S. aureus, as previously reported [63] Streptomyces 
wuyuanensis inhibited only Gram-positive bacteria.

The nine strains in the collection including PU-KB2–
3, PU-KB2–4, PU-KB3–2, PU-KB5–17, PU-KB6–2, 
PU-KB6–7, PU-KB7–4, PU-KB7–7 and PU-KB7–8 iden-
tified as Streptomyces atrovirens showed high cytotoxicity 
against PC3 and A549 cell lines. The methanolic extracts 
of these strains exhibited characteristics yellowish spot 
on TLC and the HPLC-MS spectra showed the presence 
of an ion peak with molecular mass of m/z 1254, hence 
it was concluded that all these strains are actinomycin 
D producing strains. The dark brown culture of strain 
PU-KB6–7 was due to high concentration of metal-com-
plex siderophores (Fe – complex), which was consistent 
with the detected peak in HPLC/UV analysis at 18.8 min, 
and the low concentration of actinomycin D at 25.3 min. 
However, the studies have reported [64] that Streptomy-
ces atrovirens produce the compound 4-hydroxy-3-(3-
methylbut-2-enyl) benzaldehyde (C12H14O2; MW = 190) 
which exhibited broad spectrum antimicrobial activity 
and low cytotoxicity against human epithelial HL cell 
lines.

The preparative screening of one priority strain (PU-
KB10–4), which showed anti-Gram-negative activity, 
yielded three pure compounds, including griseoviridin 
(1), mitomycin C (2), and 4-hydroxycinnamide (3). Com-
pound 1 was the major compound of the strain extract 
> 42 mgL˗1, and compound 3 was identified as a new 
bacterial metabolite. Griseoviridin (1), originally iso-
lated and reported from Streptomyces griseus in 1954, 
and was the first representative of the streptogramins 
(group A), [65]. The streptogramin antibiotics are a 
family of natural products that have been isolated from 
soil Streptomyces [66]. The Previously reported pro-
duction levels of griseoviridin (1) were in the range of 
1.3–2.7 mgL˗1 [67, 68], while PU-KB10–4 under our 
growth conditions afforded > 20-fold improvement in 1 
production. There are reports, which showed the pro-
duction of griseoviridin from Streptomyces griseovir-
idis [69], so the high production of griseoviridin by this 
strain could be due to different media components and 
the specific growth conditions employed in its fermen-
tation. In addition, mitomycin C (2) was also identified 
as the PU-KB10–4 metabolite responsible for the anti-
Gram-negative activity, in accordance with the previ-
ously reported mitomycin C activity [70–72]. Mitomycin 
C (2) is an aziridine-containing natural product reported 
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previously from several bacterial strains, including Strep-
tomyces caespitosus, Streptomyces ardus, Streptomyces 
verticillatus, Streptomyces fervens-phenomyceticus, and 
Micromonospora sp. So, this seems to be the first report 
of production of mitomycin C (2) from the Streptomyces 
griseoviridis. Mitomycin C has been reported with vari-
ous types of bioactivities, including anticancer, antibac-
terial and antifungal [41, 43, 51, 70–72]. Compound 3 
has also been isolated and identified as the PU-KB10–4 
metabolite and is reported herein for the first time as 
new bacterial metabolite. 4-Hydroxycinnamamide has 
been reported previously as plant metabolite from the 
leaves of Hosta longipes [73] and Tetrastigma hemsleya-
num [74], and by synthesis [75]. The free acid forms of 
compound 3 (cinnamic and 4-hydroxycinnamic acids) 
have also been reported from engineered microbes [76].

We report herein the isolation, diversity and metabo-
lomics profiling of actinobacteria from Kubuqi desert, 
China, as a new and previously untapped site for the 
isolation of actinobacteria. The genus Streptomyces was 
found to be the most frequently harboring actinobacte-
rial genus for which 38 different species were identified. 
Based on the bioactivity screening and metabolomics 
profiling, 9 strains were selected as priority strains which 
are potential candidates for future scale up studies for 
compound purification and identification. The scale-up 
fermentation of one of the priority strains PU-KB10–4 
yielded three bioactive compounds including; griseo-
viridin, mitomycin C and the new bacterial metabo-
lite 4-hydroxycinnamid. Overall the study shows, that 
Kubuqi desert China harbors a remarkable diversity of 
actinobacteria, especially of Streptomyces, which could 
be the efficient producers of unique metabolites and are 
an attractive source for natural products discovery.

Methods
Sample collection and selective isolation of actinobacteria
The soil and sand samples were collected from different 
locations in the Kubuqi desert, Inner Mongolia, China 
(Longitude 109°19′46.1“E and Latitude 40°19’32.6”N). 
The samples were collected from the rhizosphere of vari-
ous plants and the barren areas in the desert in sterile 
vials. A total of 12 soil samples were collected from dif-
ferent locations in the desert. The actinobacterial strains 
were recovered by the crowded plate technique on two 
different media, including glycerol casein KNO3 agar 
(gL− 1: glycerol 10, KNO3 2, casein 0.3, NaCl 2, K2HPO4 
2, MgSO4.7H2O 0.05, CaCO3 0.02, FeSO4.7H2O 0.01, 
agar 18) and actinomycete isolation agar (gL− 1: glycerol 
5, sodium caseinate 2, sodium propionate 4, aspara-
gine 0.1, K2HPO4 0.5, MgSO4.7H2O 0.1, FeSO4.7H2O 
0.01, agar 18). The purification of isolated actinobacte-
ria strains was done on glucose yeast malt extract agar 

(gL− 1: glucose 4, yeast extract 4, malt extract 10, CaCO3 
2, agar 15).

Taxonomic characterization of actinobacteria strains
The pure cultures of the isolated strains were obtained 
for taxonomic characterization. The morphological 
characteristics (color of substrate, aerial mycelia, colony 
size, and consistency) were analyzed on 10 d old cultures 
grown at 28 °C on M2 agar (gL− 1: glucose 4, yeast extract 
4, malt extract 10, CaCO3 2, agar 15). The biochemical 
and physiological characteristics were studied by follow-
ing the reported procedures [77]. These included melanin 
formation, utilization of different sugars as sole carbon 
source, organic acid formation, hydrolysis of urea, esculin 
hydrolysis, and arbutin hydrolysis.

The DNA extraction was performed by using the 
methods described by Li et al. [78]. The 16S rRNA gene 
sequence was amplified using universal primers (27f: 
AGA​GTT​TGA​TCC​TG GCT​CAG​) and (1492r: 5′-TAC​
GGY​TAC​CTT​GTT​ACG​AC-3′) following the method 
described by Jordan et  al. [79]. Sequencing was per-
formed using an ABI PRISMTM 3730XL DNA Analyzer 
and the pEASY-T1 Cloning Kit (TransGen Biotech) as 
per the manufacturer’s instructions [30]. EzBioCloud [40, 
80] and NCBI (BLAST) [39] was used to compare 16S 
rRNA gene sequences with the type strains and deposited 
in GenBank to get the accession numbers.

Shake flask cultivation and methanolic extraction
The actinobacterial strains were grown in 50 mL of liq-
uid A-medium (gL− 1: starch 20, glucose 10, peptone 5, 
yeast extract 5, NaCl 4, K2HPO4 0.5, MgSO4.7H2O 0.5). 
The flasks were incubated at 28 °C, 200 rpm in the dark 
for 10 d. After 10 d, XAD-16 N resin (4%; 2 g per 50 mL) 
was added to each flask, and the flasks were kept on the 
shaker (200 rpm) overnight at 28 °C. The cultures con-
taining resin were transferred to the 50 mL vials and cen-
trifuged at 4000 g for 15 min. The pellet (XAD-16/cells) 
was washed with deionized water, centrifuged, and meth-
anol (20 mL) was added. The methanolic crude extracts 
were preserved at 4 °C and were used for further biologi-
cal and chemical screening [28].

Preliminary screening of actinobacterial methanolic 
extracts
Antimicrobial assay
Microtiter plate assays against Gram-positive bacteria 
(Staphylococcus aureus ATCC 6538, Micrococcus luteus 
NRRL B-287, Bacillus subtilis ATCC 6633) Gram-neg-
ative bacteria (Escherichia coli NRRL B-3708, Salmo-
nella enterica ATCC 10708) and yeast (Saccharomyces 
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cerevisiae ATCC 204508) test strains were performed in 
triplicate, following the procedure described by Wang 
et al. [81].

In vitro cytotoxicity assay
The cell line cytotoxicity assays against A549 (human 
adenocarcinoma non-small-cell lung carcinoma) and 
PC3 (human prostate cancer) cell lines (ATCC, Manas-
sas, VA, USA) were performed in triplicate by following 
the previously described procedure [82].

Chemical profiling
Thin‑layer chromatography (TLC)
The production and nature of secondary metabolites pro-
duced by actinobacteria were analyzed by screening the 
crude extracts on Polygram SIL G/UV254 TLC plates 
(Macherey-Nagel & Co., Dueren, Germany), eluted using 
10% methanol/dichloromethane. The plates were visual-
ized under UV (254 nm and 365 nm), and were stained 
with anisaldehyde/H2SO4 for visualization [83].

High‑performance liquid chromatography (HPLC‑UV/Vis 
and HPLC‑MS)
To visualize the number and concentration of second-
ary metabolites in the form of chromatographic peaks, 
HPLC-UV/vis analysis of actinobacteria crude extracts 
was accomplished using an Agilent 1260 Infinity HPLC 
system (Agilent Technologies, Santa Clara, CA, USA) 
equipped with a Luna (Phenomenex, CA, USA) 5 μm 
C18 (2) 100 Å, LC column (250 × 4.6 mm; solvent A: 0.1% 
trifluoroacetic acid (TFA)/water, solvent B: Acetonitrile, 
flow rate: 1.0 mL min˗1; 0–30 min, 95–0% A (linear gradi-
ent); 30–35 min 0% A; 35–36 min 0–95% A (linear gradi-
ent); 36–40 min 95% A. UV-vis inset of full wavelength 
scan (190–600 nm). The methanolic crude extracts were 
also analyzed by HPLC-MS via an Agilent 6120 Quad-
rupole MSD mass spectrometer (Agilent Technologies, 
Santa Clara, CA, USA) equipped with an Agilent 1200 
Series quaternary LC system and an Eclipse XDB-CD18 
column (5 μm, 150 × 4.6 mm; solvent A: 0.1% formic acid/
water, solvent B: 0.1% formic acid/Acetonitrile); flow rate: 
0.5 mL min− 1; 0–30 min, 5–100% B; 30–35 min, 100% B; 
35–36 min, 100–5% B; 36–40 min, 5% B; Phenomenex 
NX-C18 column (250 × 4.6 mm, 5 μm); 254 nm. The 
molecular masses were obtained for both positive and 
negative ion mode.

Scale‑up fermentation of anti‑gram‑negative strain 
PU‑KB10–4 (Streptomyces griseoviridis)
The strain PU-KB10–4 was selected as priority strain 
for scale-up fermentation based on TLC, HPLC, 

antimicrobial, and cytotoxicity analysis. Particularly 
because, PU-KB10–4 was the only strain among the 100 
bacterial strains surveyed to produce metabolites with 
anti-Gram-negative activity. The strain was subjected to 
media optimization using three different media, includ-
ing A, SG, and M2 (Additional file  42: Fig. S38). While 
all three media led to similar antimicrobial metabo-
lites, HPLC-UV/vis analysis and antimicrobial activity 
(Additional file 43: Fig. S39). The seed culture (100 mL of 
A-media inoculated with freshly grown plate culture) was 
prepared for scale-up fermentation. Based on media opti-
mization, 10 L of SG-media broth (100 flasks; 100 mL per 
flask) was prepared and autoclaved (121 °C for 30 min). 
The autoclaved SG-medium broth (gL− 1: glucose 20, yeast 
extract 5, soytone 10, CaCO3 2, CoCl2.6H2O 1 mg) flasks 
were inoculated with an aliquot (1 mL per flask) of seed 
culture and incubated on shakers at 200 rpm, 28 °C in the 
dark for 8–10 d. Following growth, the reddish-brown 
culture broth was combined and centrifuged (RLC-6000 
rotator) at 5000 g, 4 °C for 20 min. The supernatant was 
extracted by mixing with XAD-16 (4% w/v) resin over-
night, followed by filtration. The resin was washed with 
water (5 × 1.2 L) to remove media components and was 
extracted with methanol (5 × 1 L). The methanolic extract 
was subsequently evaporated in vacuo to yield 19.7 g of 
reddish-brown oily extract. The biomass (mycelium) was 
extracted with methanol (5 × 800 mL) and then evapo-
rated in vacuo and 15.1 g of reddish-brown oily extract 
was obtained. Both extracts showed a similar set of 
metabolites based on HPLC and TLC and were therefore 
combined to give a total of 34.8 g of crude extract.

Column fractionation and compound purification
As highlighted in Fig.  8, the combined extract (34.8 g) 
was subjected to fractionation using a reverse-phase 
RP18-column (column 5.0 × 25 cm) eluted with a gradi-
ent of H2O/0–100%CH3OH to give 15 fractions.

All fractions were subjected to TLC and HPLC analysis 
and were tested for antimicrobial activities and in  vitro 
cytotoxic activity (A549 and PC3) (Additional file 44: Fig. 
S40). Fractions F4C-5A (0.15 g) were combined based on 
their similar TLC and HPLC profiles, followed by purifi-
cation using Sephadex LH-20 (MeOH, 2.5 × 50 cm) and 
semi-preparative HPLC to give compound 3 (5.9 mg). 
Semi-preparative HPLC was done on a Varian (Palo 
Alto, CA) ProStar Model 210 equipped with a photodi-
ode diode array detector using a Supelco DiscoveryBio 
wide pore C18 column (21.2 × 250 mm, 10 μm); sol-
vent A: H2O/0.025% TFA, solvent B: CH3CN; flow rate: 
8.0 mL min− 1; 0–2 min, 25% B; 2–26 min, 25–100% B; 
26–28 min, 100% B; 28–30 min, 100–25% B; 30–32 min, 
25% B). Similarly, fractions F5D-7D (0.35 g) were com-
bined to obtain compound 2 (3.0 mg) and fractions 
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F8D-10A (0.90 g) were combined and subjected to puri-
fication to get compound 1 (420.0 mg) as the major 
metabolite (> 42 mg l˗1). The remaining fractions and 
sub-fractions lacked bioactivity and, based on HPLC-MS 
and TLC profiles, mainly contained media, fats/lipids 
components.

Structure elucidation
Structure elucidation of purified  fractions was per-
formed through nuclear magnetic resonance (NMR) 
spectroscopy. All NMR spectra were recorded using 
a Varian Inova NMR spectrometers (1H, 500 MHz or 
400 MHz; 13C, 125 MHz or 100 MHz) where δ-values 
were referenced to respective solvent signals [CD3OD, 
δH 3.31 ppm, δC 49.15 ppm; DMSO-d6, δH 2.50 ppm, δC 
39.51 ppm] (Palo Alto, CA).

X‑ray crystallography
Colorless bulk crystals of compound 1 were obtained 
in CH3OH/H2O (3:1), [stored at 4 °C for 35 days, then at 
room temperature (28 °C) for 35 days]. X-ray diffraction 
data was collected at 90.0 (2) K on a Bruker D8 Ven-
ture dual-source diffractometer using graded-multilayer 
focused MoKa X-rays. Raw data was integrated, scaled, 

Fig. 8  Work-up scheme of PU-KB10–4 (Streptomyces griseoviridis)

merged, and corrected for Lorentz-polarization effects 
using the APEX3 package [Bruker (2016) “APEX3” 
Bruker-AXS, Madison WI, USA]. Corrections for 
absorption were applied using SADABS [84]. The struc-
ture was solved by direct methods “SHELXT” [85] and 
refined against F2 by weighted full-matrix least-squares 
“SHELXL-2018” [86]. Hydrogen atoms were found in 
difference maps and subsequently placed at calculated 
positions and refined using a riding model. Water hydro-
gen atoms, however, were refined freely. Non-hydro-
gen atoms were refined with anisotropic displacement 
parameters. The final structure model was checked using 
an R-tensor [87] and Platon/checkCIF [88].

Statistical analysis
The % cell viability in cytotoxicity assays and % growth 
inhibition in antimicrobial assays was calculated on 
Excel, each experiment was performed in triplicate and 
standard error was calculated.
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Additional file 1: Fig. S1. Morphological appearance of selected actino-
bacterial strains (A) strain PU-KB2–2 (Streptomyces griseoviridis) (B) strain 
PU-KB6–10 (Streptomyces mutabilis) (C) strain PU-KB8–2 (Streptomyces 
djakartensis) (D) strain PU-KB10–4 (Streptomyces griseoviridis) (E) strain 
PU-KB10–10 (Streptomyces luteogriseus) (F) strain PU-KB12–15 (Streptomy-
ces atrovirens).

Additional file 2: Table S1. Biochemical characterization of actinobacte-
rial strains isolated from Kubuqi Desert, China.

Additional file 3: Table S2. 16S rRNA gene sequence analysis and % simi-
larity of the Kubuqi desert strains with various actinobacterial type strains.

Additional file 4: Table S3. Microtiter plate assay for antimicrobial activity 
of all actinobacterial strains against bacteria (Gram-positive and Gram-
negative) and yeast along with percentage cytotoxicity against cancer cell 
lines.

Additional file 5: Fig. S2. TLC (CH2Cl2/10%MeOH) screening of the 
extracts produced PU-KB strains.

Additional file 6: Fig. S3. HPLC/UV analyses of the generated extract 
produced by Streptomyces sp. PU-KB5-11 (A-medium). HPLC-conditions: 
Detection wavelength 280 and 320 nm; solvent A: H2O/0.1% TFA; solvent 
B: acetonitrile; flow rate: 1.0 mL min-1; 0-30 min, 95-0% A (linear gradient); 
30-35 min 0% A; 35-36 min 0-95% A (linear gradient); 36-40 min 95% A. 
UV-vis inset of full wavelength scan (190-600 nm).

Additional file 7: Fig. S4. HPLC/UV analyses of the generated extract 
produced by Streptomyces sp. PU-KB10-4 (A-medium). HPLC-conditions: 
Detection wavelength 320 and 280 nm;; solvent A: H2O/0.1% TFA; solvent 
B: acetonitrile; flow rate: 1.0 mL min-1; 0-30 min, 95-0% A (linear gradient); 
30-35 min 0% A; 35-36 min 0-95% A (linear gradient); 36-40 min 95% A. 
UV-vis inset of full wavelength scan (190-600 nm).

Additional file 8: Fig. S5. HPLC-MS analysis of PU-KB8-2 crude extract. 
HPLC-conditions: solvent A: H2O/0.1% FA; solvent B: CH3CN; flow rate: 0.5 mL 
min-1; 0-30 min, 5-100% B; 30-35 min, 100% B; 35-36 min, 100-5% B; 36-40 
min, 5% B; Phenomenex NX-C18 column (250 × 4.6 mm, 5 μm); 254 nm.

Additional file 9: Fig. S6. HPLC-MS analysis of PU-KB9-11 crude extract. 
HPLC-conditions: solvent A: H2O/0.1% FA; solvent B: CH3CN; flow rate: 0.5 
mL min-1; 0-30 min, 5-100% B; 30-35 min, 100% B; 35-36 min, 100-5% B; 
36-40 min, 5% B; Phenomenex NX-C18 column (250 × 4.6 mm, 5 μm); 254 
nm.

Additional file 10: Fig. S7. HPLC-MS analysis of PU-KB10-4 crude extract. 
HPLC-conditions: solvent A: H2O/0.1% FA; solvent B: CH3CN; flow rate: 0.5 
mL min-1; 0-30 min, 5-100% B; 30-35 min, 100% B; 35-36 min, 100-5% B; 
36-40 min, 5% B; Phenomenex NX-C18 column (250 × 4.6 mm, 5 μm); 254 
nm.

Additional file 11: Fig. S8. HPLC-MS analysis of PU-KB12-3 crude extract. 
HPLC-conditions: solvent A: H2O/0.1% FA; solvent B: CH3CN; flow rate: 0.5 mL 
min-1; 0-30 min, 5-100% B; 30-35 min, 100% B; 35-36 min, 100-5% B; 36-40 
min, 5% B; Phenomenex NX-C18 column (250 × 4.6 mm, 5 μm); 254 nm.

Additional file 12: Figs. S9. Fermentation cultures of actinomycin D 
producing strains (A-medium, 10d, 210 rpm, 28 °C). The dark brown 
culture of strain PU-KB6-7 is due to high concentration of metal-complex 
siderophores (Fe – complex), which was consistent with the detected 

peak in HPLC/UV analysis figure at 18.8 min, and the low concentration of 
actinomycin D at 25.3 min.

Additional file 13: Fig. S10. HPLC/UV analyses of the generated extract 
produced by actinomycin D producing strains (A-medium).

Additional file 14: Fig. S11. HPLC-MS analysis of one selected actinomy-
cin D producer crude extract (PU-KB7-8).

Additional file 15: Fig. S12. (+)-HRMS of analysis of actinomycin D.

Additional file 16: Fig. S13. HPLC analysis of griseoviridin (1). HPLC-con-
ditions: solvent A: H2O/0.1% FA; solvent B: CH3CN; flow rate: 0.5 mL min-1; 
0-30 min, 5-100% B; 30-35 min, 100% B; 35-36 min, 100-5% B; 36-40 min, 
5% B; Phenomenex NX-C18 column (250 × 4.6 mm, 5 μm); 254 nm. UV-vis 
inset of full wavelength scan (190-600 nm). (+) and (–)-ESI-MS spectra of 
griseoviridin (1).

Additional file 17: Fig. S14. 1H NMR spectrum (CD3OD, 400 MHz) of 
griseoviridin (1).

Additional file 18: Fig. S15. 13C NMR spectrum (CD3OD, 100 MHz) of 
griseoviridin (1).

Additional file 19: Fig. S16. APT NMR spectrum (CD3OD, 100 MHz) of 
griseoviridin (1).

Additional file 20: Fig. S17. 1H (400 MHz) and 13C (100 MHz) NMR spectra 
of griseoviridin (1) in CD3OD.

Additional file 21: Fig. S18. NOESY spectrum (CD3OD, 400 MHz) of 
griseoviridin (1).

Additional file 22: Fig. S19. 1H,1H-COSY spectrum (CD3OD, 400 MHz) of 
griseoviridin (1).

Additional file 23: Fig. S20. HSQC spectrum (CD3OD, 400 MHz) of 
griseoviridin (1).

Additional file 24: Fig. S21. HMBC spectrum (CD3OD, 400 MHz) of 
griseoviridin (1).

Additional file 25: Fig. S22. TOCSY spectrum (CD3OD, 400 MHz) of 
griseoviridin (1).

Additional file 26: Fig. S23. HPLC analysis of mitomycin C (2). HPLC-condi-
tions: solvent A: H2O/0.1% FA; solvent B: CH3CN; flow rate: 0.5 mL min-1; 0-30 
min, 5-100% B; 30-35 min, 100% B; 35-36 min, 100-5% B; 36-40 min, 5% B; Phe-
nomenex NX-C18 column (250 × 4.6 mm, 5 μm); 254 nm. UV-vis inset of full 
wavelength scan (190-600 nm). (+) and (–)-ESI-MS spectra of mitomycin C (2).

Additional file 27: Fig. S24. 1H NMR spectrum (CD3OD, 400 MHz) of 
mitomycin C (2).

Additional file 28: Fig. S25.13C NMR spectrum (CD3OD, 100 MHz) of 
mitomycin C (2).

Additional file 29: Fig. S26. 1H,1H-COSY spectrum (CD3OD, 500 MHz) of 
mitomycin C (2).

Additional file 30: Fig. S27. 1H (400 MHz) and 13C (100 MHz) NMR spectra 
of mitomycin C (2) in CD3OD.

Additional file 31 Fig. S28. HPLC analysis of 4-hydroxycinnamide (3). 
HPLC-conditions: solvent A: H2O/0.1% FA; solvent B: CH3CN; flow rate: 0.5 
mL min-1; 0-30 min, 5-100% B; 30-35 min, 100% B; 35-36 min, 100-5% B; 
36-40 min, 5% B; Phenomenex NX-C18 column (250 × 4.6 mm, 5 μm); 254 
nm. UV-vis inset of full wavelength scan (190-600 nm). (+) and (–)-ESI-MS 
spectra of 4-hydroxycinnamide (3).

Additional file 32: Fig. S29. 1H NMR spectrum (CD3OD, 500 MHz) of 
4-hydroxycinnamide (3).

Additional file 33: Fig. S30. 13C NMR spectrum (CD3OD, 125 MHz) of 
4-hydroxycinnamide (3).

Additional file 34: Fig. S31. 1H (500 MHz) and 13C (125 MHz) NMR spectra 
of 4-hydroxycinnamide (3) in CD3OD.

Additional file 35: Fig. S32. 1H NMR spectrum (DMSO-d6, 400 MHz) of 
4-hydroxycinnamide (3).
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Additional file 36: Fig. S33. 13C NMR spectrum (DMSO-d6, 100 MHz) of 
4-hydroxycinnamide (3).

Additional file 37: Fig. S34. 1H (400 MHz) and 13C (100 MHz) NMR spectra 
of 4-hydroxycinnamide (3) in DMSO-d6.

Additional file 38: Fig. S35. 1H,1H-COSY spectrum (DMSO-d6, 400 MHz) 
of 4-hydroxycinnamide (3).

Additional file 39. pdf: Fig. S36. HSQC spectrum (DMSO-d6, 400 MHz) of 
4-hydroxycinnamide (3).

Additional file 40: Fig. S37. HMBC spectrum (DMSO-d6, 400 MHz) of 
4-hydroxycinnamide (3).

Additional file 41.. Physiochemical properties of compounds 1-3.

Additional file 42: Fig. S38. (A) Streptomyces sp. PU-KB10-4 grown 
on a M2-medium agar plate. (B) HPLC/UV analyses of the generated 
extracts produced by Streptomyces sp. PU-KB10-4 using three different 
media (A-, SG- and M2 media). SG medium was selected for scale-up 
as 10 L based on the high production of the major metabolite (Com-
pound 1).

Additional file 43: Fig. S39. (A) HPLC/UV analyses of the mycelium and 
XAD-extracts produced by Streptomyces sp. PU-KB10-4. Compound 1 was 
the major compound of the strain extract (42 mg/L). (B) Antimicrobial 
activity of crude extracts of PU-KB10–4 grown in three different media: the 
crude extracts of PU-KB10–4 obtained from A-media, M2- media and SG 
media showed less activity against Gram-negative bacteria (Escherichia 
coli) and huge zones of inhibition against Gram-positive bacteria (Staphy-
lococcus aureus).

Additional file 44: Fig. S40. (A and B) Cytotoxicity and antimicrobial 
analysis of PU-KB10-4 fractions obtained after RP-18 column chromatog-
raphy (C and D) Cytotoxicity and antimicrobial analysis of PU-KB10-4 after 
combining the initial column fractions.
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