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Abstract

The genus Streptomyces have been highly regarded for their important source of natural products. Combined with
the technology of genome sequencing and mining, we could identify the active ingredients from fermentation broth
quickly. Here, we report on Streptomyces sp. strain fdl-xmd, which was isolated from a soil sample collected in
Shanghai. Interestingly, the fermentation broth derived from this strain demonstrated broad-spectrum antimicrobial
activity against gram-positive bacteria, gram-negative bacteria, and eukaryotes. To identify the antimicrobial sub-
stances and their biosynthetic gene clusters, we sequenced the fdl-xmd strain and obtained a genome 7,929,999 bp
in length. The average GC content of the chromosome was 72.5 mol%. Knockout experiments demonstrated that out
of eight biosynthetic gene clusters we could identify, two are responsible for the biosynthesis of the antibiotics
streptothricin (ST) and tunicamycin (TM). The ST biosynthetic gene cluster from fdl-xmd was verified via success-
ful heterologous expression in Streptomyces coelicolor M1146. ST production had a yield of up to 0.5 g/L after the
optimization of culture conditions. This study describes a novel producer of ST and TM and outlines the complete
process undertaken for Streptomyces sp. strain fdl-xmd genome mining.
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Approximately half of bioactive microbial metabolites are
isolated from microbes, and nearly 70% of these products
are derived from Actinobacteria (Berdy 2005). The genus
Streptomyces, belonging to the family Streptomycetaceae,
is the largest genus in the domain Bacteria and currently
encompasses 823 species and 38 subspecies with validly
published names at the time of writing (http://www.
bacterio.net/streptomyces.html). This genus is aerobic
and gram-positive, and most members possess aerial and
substrate mycelia (Waksman and Henrici 1943).
Streptomyces members also are characterized by complex,
regulated secondary metabolism networks and produce
many valuable products, such as antibiotics, enzyme in-
hibitors, vitamins, antitumor agents, and antifungal com-
pounds. Because Strepfomyces has important commercial
and medicinal value in medicine, agriculture, food, chem-
ical industry, and other fields, research of Streptomyces
remains important (Goodfellow and Fiedler 2010;
Labeda et al. 2012).
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The majority of secondary metabolites are rarely
found and tested due to their instability and presence
in only trace amounts. Many members of Streptomyces
have been exploited for antibiotic production by genome
sequencing means. Sequencing of the Streptomyces
coelicolor A3(2) genome presents a typical case: more
than 20 clusters coding for known or predicted second-
ary metabolites were detected. These metabolites hold a
great deal of value for the fields of medicine and agri-
culture (Bentley et al. 2002).

Streptothricins (STs) are a group of natural products fea-
turing a unique streptolidine base and a 10-carbamoylated
gulosamine, such as nourseothricins, albothricin, and LL-
AC541 (Borders et al. 1970; Ohba et al. 1986; Romer et al.
1986; Vantamelen etal. 1961). Three new 12-carbamoylated
STs have been isolated from the Streptomyces sp. I08A 1776
culture broth in 2012, supplement the members of ST family
(Gan et al. 2012). The biosynthetic pathway of the
carbamoylated D-GulN moiety was also clear in 2015 (Guo
et al. 2015). ST was first isolated from Streptomyces
lavendulae grown in simple medium in flasks (Waksman
1943; Waksman and Woodruff 1942). Then, many members
of'the ST family have been identified, including STs A to F,
ST X, with different numbers of residues of L-3-lysine ho-
mopolymer chains, as well as members with similar chemical
structures (Jietal. 2007; Khokhlov and Reshetov 1964; Kim
etal. 1994). The active ingredient in the S. lavendulae broth
was identified as ST F, the first member of the ST family
(Kusumoto et al. 1982a, b). Consider the distribution of an-
tibiotic biosynthetic pathways; ST is found in about 10% of
random soil Actinomycetes and gets a lot of attention because
of a broad spectrum of antibacterial activities against gram-
positive, gram-negative bacteria, and pathogenic fungi
(Baltz 2007; Waksman 1943; Waksman and Woodruff
1942). It inhibits protein biosynthesis in prokaryotic cells
by inhibiting polypeptide synthesis via ribosome interac-
tions (Haupt et al. 1980; Inamori et al. 1990; Takemoto
et al. 1980). ST is not currently used therapeutically in
humans due to its inherent toxicity, including nephrotoxicity
(Hartl et al. 1986; Hoffmann et al. 1986a, b; Witte 2000).
Although this molecule elicits delayed toxicity, it exerts a
real and significant impact on agriculture.
Zhongshengmycin, of which ST is one of the main compo-
nents, brought great economic value to China in the 1990s
(Zhu et al. 2002). ST resistance was also used to be selection
marker in plant cell research (Jelenska et al. 2000).

Tunicamycin (TM) was first discovered in Streptomyces
lysosuperificus, and this glucosamine-containing antibiotic
acts against gram-positive bacteria, yeast, fungi, and viruses
(Kenig and Reading 1979; Takatsuki et al. 1971). Takatsuki
published the structure of TM in 1977. TM mixtures contain
four homologous antibiotics, TMs A-D, which differ in the
length of the carbon chain of the trans o/f3-unsaturated iso-
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fatty acid component (Takatsuki et al. 1977). TM specifically
inhibits the dolichol pyrophosphate-mediated glycosylation of
asparaginyl residues in glycoproteins. This molecule is also a
peptidoglycan and a nucleoside glycolipid inhibitor, which
blocks the transfer of GIcNAc-P from UDP-GlcNAc to
dolichol phosphate (BillotKlein et al. 1997; Olden et al.
1979). TM is widely applied and is used to treat cancer by
inducing endoplasmic reticulum stress (Xu et al. 2009).

In this study, we obtained a complete genome sequence of
Streptomyces sp. strain fd1-xmd, which was isolated from soil
in Shanghai. We identified the ability of this strain to produce
ST and TM by performing genome mining and liquid
chromatograph-mass spectrometer (LC-MS), generating
knockout mutants and inducing heterologous expression.
Simultaneously, biosynthetic ST and TM gene clusters were
found by performing bioinformatic analysis of our experimen-
tal data. Through this study, we provide a preliminary proce-
dure for the mining of known natural bioactive products with
genome sequence and a resource material for analyzing the
biosynthesis of the antibiotics ST and TM.

Materials and methods

Isolation, purification, and morphologic observation
of strain fd1-xmd

Strain fd1-xmd was isolated from a soil sample collected at the
campus of Fudan University, Shanghai, China, in 2013. The
strain was recovered on Gause’s synthetic agar medium
(starch 20 g, KNO;5 1 g, K,HPO,4 0.5 g, MgSO4 0.25 g,
NaCl 0.5 g, FeSO4-7H,0, agar 15 g, deionized water 1 L,
pH 7.2-7.4) (Gause et al. 1983) and was purified on
glucose-yeast-maltose medium (GYM; glucose 4 g, yeast ex-
tract 4 g, malt extract 10 g, CaCO;3 2 g, agar 15 g, deionized
water 1 L, pH 7.2-7.4) (Shima et al. 1996) at 28 °C. A small
piece of cover glass was inserted into the Gause’s synthetic
agar medium after fdl-xmd spore was coated on the plate
evenly. Spore chain morphology and spore surface ornamen-
tation were observed from the cover glass after incubation at
28 °C for 14 days using a cold-field emission scanning elec-
tron microscope (New Generation SU8010, SU8000 Series,
Hitachi, Japan).

Genome sequencing, mining, and bioinformatic
analysis

The fd1-xmd genome was extracted using a bacterial genomic
DNA isolation kit (Generay, Shanghai). This genome was
sequenced by PacBio RSII system, gaining 400,388 reads
with average length 2476 bp. All reads were assembled by
HGAP program providing a 124-fold coverage of the whole
genome. Then, the initial genome with 21 contigs was
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amended by Illumina PE reads with 148-fold coverage based
on bowtie2 and SAMtools software (Langmead et al. 2009; Li
et al. 2009). Last Sanger-based sequencing was employed to
facilitate gap closing, and final sequence assembly was con-
ducted using the Phred/Phrap/Consed package. Relationships
between contigs were visualized using the ContigScape
plugin (Tang et al. 2013). This genome annotation was based
on the NCBI Prokaryotic Genome Annotation Pipeline
(PGAP) (Tatusova et al. 2016). Potential secondary metabo-
lites of strain fdl-xmd were analyzed using the secondary
metabolite predict tool antiSMASH (Blin et al. 2013).
Phylogenetic trees were constructed with the neighbor-
joining method using MEGAS software package (Saitou and
Nei 1987; Tamura et al. 2011) and was evaluated using the
bootstrap resampling method with 1000 repeats (Felsenstein
1985). Circular genome maps were generated using
GenomeViz and DNAplotter (Carver et al. 2009; Ghai et al.
2004). Comparative analyses of gene clusters were based on
the Artemis and ACT tools (Carver et al. 2008). Genome-wide
colinearity analysis was performed using gepard (Krumsiek
et al. 2007).

Construction of fd1-xmd gene cluster deletion
mutants

All bacterial strains and plasmids used in this study are listed
(Supporting Information, Table S1). Plasmids pFTB100-10
and pFTB100-27 were used to knock out the TM and ST
biosynthetic gene clusters, respectively. The backbone vector
was cloned from the plasmid pFDZ100 using the primer pair
pFTB100-F/R. The resistance genes were cloned from
pZB101 using the primer pair aphll-F/R. The homologous
arms of two clusters were cloned from the genome of fdl-
xmd using the primers 10-up-F/R, 10-down-F/R, 27-up-F/R,
and 27-down-F/R. An additional eight plasmids, pFTB100-
10-Apra, pFTB100-29-Apra, pFTB100-39-Apra, pFTB100-
42-Apra, pFTB100-45-Apra, pFTB100-59-Apra, pFTB100-
8-1-Apra, and pFTB100-8-2-Apra, were constructed for
second-round knockout experiments. The double mutant plas-
mids differed simply in the alteration from kanamycin to
apramycin using the primer pair aac-F/R and pSET152 as
the template. The 16 primer pairs used to amplify the homol-
ogous arms of gene clusters are listed (Supporting
Information, Table S2). The vector, two homologous arms,
and the resistance gene were ligated using an In-Fusion
Cloning Kit (ClonExpress MultiS One-Step Cloning Kit,
Vazyme, Nanjing). The plasmids were transferred to strain
fd1-xmd through conjugation with the help of Escherichia
coli ET 12567 (Flett etal. 1997). Viable knockout clones grew
on a mannitol soya flour agar (MS; soya flour 20 g, mannitol
20 g, agar 15 g, deionized water 1 L, pH 7.2-7.4) plate in the
presence of kanamycin or apramycin (Kieser et al. 2000).

Knockout was confirmed by performing PCR analysis using
2x Taq Master Mix (Novoprotein Scientific, Shanghai).

Construction of the plasmid containing complete
streptothricin biosynthetic gene cluster

Two plasmids, p27-clone-up and p27-clone-down, containing
homologous arms of the ST biosynthetic gene cluster and
attB/attP sites of phage PhiBT1 were built to obtain the com-
plete gene cluster from the fd1-xmd genome. The construction
approach followed methods that described by Dai et al.
(2015). The upstream DNA fragment (2015 bp) and down-
stream DNA fragment (2016 bp) of the ST gene cluster were
amplified using the purified fdl-xmd genome as a template
and 27-clone-up-F/R and 27-clone-down-F/R as primers. A
Munl restriction site was added to the upstream PCR product
via the primer 27-clone-up-F. Munl and Xbal restriction sites
were added to the downstream PCR product via the primers
27-clone-down-F/R. Then, the upstream DNA fragment con-
taining the Munl restriction site was ligated to plasmid
pMD19-T (TaKaRa, Dalian) to form a circular plasmid named
pT-stre-up. Plasmid pT-stre-up was cut into two fragments
using the restriction enzymes Munl and Xbal. The 4699-bp
fragment was chosen for the following steps. Plasmid pBAC-
DZY101 was digested with the Nhel and EcoRI restriction
endonucleases. The 9500-bp enzyme-digested product de-
rived from pBAC-DZY101 was purified and ligated to the
4699-bp fragment using T4, DNA ligase (Promega, Beijing).
The downstream DNA fragment was also digested with Xbal
and Munl and then ligated to a 3129-bp DNA fragment
digested with Xbal and EcoRI from plasmid pCY104-
SET152 using T, DNA ligase. The newly obtained circular
plasmids were transformed into E. coli DH10B cells. The final
products isolated from transformed cells were named p27-
clone-up and p27-clone-down.

Then, these two plasmids were introduced into fdl-xmd.
Following homologous recombination, p27-clone-up and
p27-clone-down were inserted into the upstream and down-
stream of ST gene cluster, respectively, obtained the strain
fd1-xmd-up-down. The genome of fd1-xmd-up-down was ex-
tracted and reacted with integrase PhiBT1 for half an hour at
30 °C to cyclize the DNA between attB-attP sites (Zhang et al.
2008). The reaction mixture was transformed into DH10B to
obtain the plasmid pDRX-27 containing the complete ST bio-
synthetic gene cluster.

Shake flask fermentation

Spores of S. coelicolor M1146, the mutant carrying the ST
gene cluster, strain fd1-xmd, and the knockout mutants were
inoculated in 3 mL of Luria broth (LB; tryptone 10 g, yeast
extract 5 g, NaCl 10 g, deionized water 1 L) at 30 °C with
shaking (220 rpm) (Gomez-Escribano and Bibb 2011). After
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48 h, the cultures were transferred into 100 mL of rich
tryptone soya broth medium (TSB; 45 g TSB, deionized water
1 L) (OXOID, UK) containing bead rings in 250-mL shake
flasks at 30 °C with shaking (200 rpm) for 2 days.

Antibacterial assay

ST and TM standard samples were purchased from the Enzo
Life Sciences and Sangon Biotech, respectively. Different
concentrations of the standard samples were diluted with de-
ionized water or methanol. Strain Micrococcus luteus,
Bacillus cereus, Saccharomyces cerevisiae, Escherichia coli,
Staphylococcus aureus, Mycobacterium smegmatis, and
Rhizopus nigricans were used as indicator stains for antibac-
terial bioactivity tests involving ST and TM. Micrococcus
luteus, Bacillus cereus, and Escherichia coli were cultured
in LB liquid medium at 37 °C. Saccharomyces cerevisiae
was cultured in YPD liquid medium (BD, USA) at 30 °C.
Staphylococcus aureus and Rhizopus nigricans were cultured
in nutrient broth medium (BD, USA) at 37 and 30 °C, respec-
tively. Mycobacterium smegmatis was cultured in 7H9/10 me-
dium (BD, USA) at 37 °C. Approximately 500 pL of the
indicator strain broth was evenly mixed with appropriate agar
medium in square petri dishes. Spores of Rhizopus nigricans
were coated on the surface of agar plate evenly. Several pieces
of round filter paper were placed on the agar plate surfaces.
Fermentation broth samples obtained from fd1-xmd, M 1146,
and other mutant strains were centrifuged, and then, 10-30 pL.
of the supernatant and the standard samples were slowly
dropped onto the dry filter paper pieces. Inhibition zones were
observed after incubating the plates at 37 or 30 °C for 12 h. We
determined inhibition zone size using a Vernier caliper.

Initial isolation and identification of streptothricin
and tunicamycin

HP20 resins were used for the initial isolation of ST and TM
from fermentation broth of strain fd1-xmd. Then, 100 mL of
the supernatant of fermentation broth was incubated with 1%
HP20 resins shaking at 30 °C, 200 rpm. After 12 h, the resins
were collected by standard sieves (100 mesh) and analyzed
with 10 mL of methanol at 30 °C, 200 rpm for 12 h.
QTRAP 5500 Instrument (AB Sciex, USA) and LC-30A
system (Shimadzu, Japan) were used for ST qualitative anal-
ysis. Test samples were separated with solution A (ultrapure
water with 1% formic acid) and B (acetonitrile with 1% formic
acid) at a flow rate of 0.3 mL/min. The column was Waters
Acquity UPLC C;g BEH 2.1 x 150 mm, with a 1.7-um parti-
cle diameter. The injection volume was 10.00 uL each time.
The characteristic peaks (m/z) of ST F were 503.400 and
171.100. For ST ESI analysis, UltiMate™ 3000 (Thermo,
USA) and Compact™ (BRUKER, Germany) were used under
the column Agilent Poroshell 120 EC C;g 4.6 x 100 mm, with
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a 2.7-um particle diameter. The column was programmed to
run maintaining 10% B for 10 min.

1290 Infinity (Agilent Technologies, USA) and 6530
Accurate-Mass Q-TOF LC/MS (Agilent Technologies,
USA) were used for TM ESI analysis. Waters Acquity
UPLC HSS T3 2.1 x 100 mm, with a 1.8-um particle diame-
ter, and a water/acetonitrile gradient were used as mobile
phase. The gradient started with 2% acetonitrile for 1 min.
The percent of acetonitrile was increased to 98% in the next
6 min. The flow rate of the mobile phase was 0.5 mL/min, and
the injection volume was 10.00 pL each time. The character-
istic peak (m/z) of TM A was 817.4077, TM B was 931.4234,
TM C was 845.4390, and TM D was 859.4547.

Accession number

The genome sequence of Streptomyces sp. strain fd1-xmd has
been deposited in the GenBank/EMBL/DDBJ database under
accession number CP019798.

Results
Characteristics of Streptomyces sp. strain fd1-xmd

Streptomyces sp. strain fd1-xmd, isolated in Shanghai, is aer-
obic and gram-positive with a milky-white aerial mycelium
and a light yellow substrate mycelium. The color of spores is
purple gray. And the strain makes light yellow pigment that
diffuses in the agar (Fig. la, b). It grows well on Gause’s
synthetic medium at 28 °C. A colony is visible 1 week after
inoculation under appropriate culture conditions. The aerial
mycelium is clearly differentiated into straight segmented
chains of spores with a smooth surface as observed under a
scanning electron microscope (Fig. 1c, d). Wild-type fd1-xmd
produces biologically active substances that inhibit the growth
of Micrococcus luteus, Bacillus cereus, and Saccharomyces
cerevisiae. Strain fd1-xmd was deposited at CGMCC (China
General Microbiological Culture Collection Center) under the
accession CGMCC 4.7344.

Complete genome sequence of strain Streptomyces
sp. strain fd1-xmd and phylogenetic analysis

We report the annotated complete genome sequence of strain
fd1-xmd, which is 7,929,999 bp in length (Fig. 2a). The ge-
nomic DNA GC content of this strain is 72.5 mol%. The entire
genome contains 6996 coding sequences with an average
length of 984 bp, 72 tRNA genes, and 7 complete rRNA
operons. To identify strain fd1-xmd, neighbor-joining tree
based on the nearly complete 16S rRNA gene, gyrB gene,
and recA gene sequences was constructed (Fig. 3, Fig. S1).
The 16S rRNA analysis showed that the isolated strain
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Fig. 1 Phenotypes of strain fd1-
xmd after growth on Gause’s
synthetic medium at 28 °C for
14 days. Agar plate, front side (a)
and back side (b); scanning
electron micrograph, bars 10 pm
(¢) and 2 pum (d)

SU8000 10.0kV 9.4mm x3.00k SE(UL) 1/16/2017

clustered with Streptomyces amritsarensis JCM 19660,
S. globosus LMG 19896", S. toxytricini NBRC 128237,
S. yangpensis fd2-tb", S. flavotricini NBRC 127707,
S. racemochromogenes NRRL B-5430", and S. katrae
NBRC 13447". The gyrB analysis showed that fd1-xmd clus-
tered with Streptomyces katrae S3, Streptomyces goshikiensis
ATCC 23914, and Streptomyces sp. Mgl. The recA analysis
showed that fd1-xmd clustered with Streptomyces
goshikiensis NRRL B-5428, Streptomyces sp. Mgl,
Streptomyces nojiriensis AS 4.1897, and Streptomyces katrae
S3. In conclusion, we consider that the closest strain to fdl-
xmd is Streptomyces katrae and Streptomyces sp. Mgl in
phylogenetic classification.

Twenty-five putative gene clusters that produce dif-
ferent types of natural products were predicted

Fig. 2 The complete genome of a
Streptomyces sp. strain fd1-xmd

and comparison with

Streptomyces sp. Mgl. a From

outside to inside: predicted genes
color-coded based on COG

categories of the forward and

reverse strands, gene clusters,

RNA, GC content, and GC skew.

b Genome-wide colinearity

analysis between Streptomyces 6
sp. strain fd1-xmd and

Streptomyces sp. Mgl

fd1-xmd
7,929,999 bp

g
L0 TR

Streptomyces sp.

=
S——
HAT g

[
SU8000 10.0kV 9.4mm x20.0k SE(UL) 1/16/2017

(Table 1), specifically four NRPSs, one T1-PKS, one
T2-PKS, one T3-PKS, three siderophores, one
lassopeptide, four terpenes, one melanin-terpene, one
butyrolactone, one lantipeptide, one bacteriocin, one
bacteriocin-NRPS, one nucleoside, one TIpks-
lantipeptide, one butyrolactone-T1PKS, one terpene-
NRPS, and one TI1PKS-NRPS. Most of these biosyn-
thetic gene clusters were located at both ends of the
chromosome, which are non-core regions ranging from
0 to 1.5 Mb and 6.0 to 7.9 Mb. These results are con-
sistent with our colinearity analysis of the complete ge-
nomes of Streptomyces sp. strain fdl-xmd and
Streptomyces sp. Mgl (CP011664.1); these two strains
share greater consistency from 1.5 to 6.0 Mb (Fig. 2b).
Also, we found that Streptomyces sp. Mgl is the most

Streptomyces sp. fd1-xmd CP019798.1 7,929,999 bp

00 1 2 3 4 5. 6 7

Streptomyces sp. Mg1 CP011664.1 7,868,177 bp
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Streptomyces goshikiensisNBRC 12868T (AB184204)

67 | Streptomyces colombiensisNRRL B-19907 (DQ026646)

- Streptomyces sporoverrucosus NBRC 154587 (AB184684)
Streptomycessp. Mg1 (CP011664)
99 Streptomyces lavendulae subsp. lavendulae NBRC 127897 (AB184146)
54| Streptomyces nojiriensis LMG 200947 (AJ781355)

Streptomyces xanthophaeus NBRC 128297 (AB184177)

Streptomyces cirratus NRRL B-3250T (AY999794)

89 | Streptomyces vinaceusNBRC 134257 (AB184394)

g2 | Streptomyces racemochromogenes NRRL B-5430T (DQ026656)

43
80

Streptomyces katrae NBRC 134477 (AB184409)

g6 | Streptomyces yangpensis fd2-tbT (KP893387)

Streptomyces flavotriciniNBRC 127707 (AB184132)
Streptomyces sp. fd1-xmd (CP019798)

Streptomyces amritsarensis JCM 196607 (GQ906975)
Streptomyces globosus LMG 198967 (AJ781330)

&8 99 | Streptomyces toxytriciniNBRC 12823 (AB184173)

64

46

71 [ Streptomyces tanashiensis LMG 202747 (AJ781362)

Streptomyces violaceorectus NBRC 131027 (AB184314)
Streptomyces venezuelae ATCC 107127 (FR845719)
Streptomyces avermitilis MA-4680T (BA000030)

0. 005

Fig. 3 Neighbor-joining tree based on analysis of the nearly complete
16S rRNA gene sequence showing phylogenetic relationship between
strain fdl-xmd and other nearby members of the genus Streptomyces.
Kitasatospora nipponensis HKI 03157 was used as an outgroup.
GenBank accession numbers are shown in brackets. Bootstrap support

closely related complete genome with strain fdl-xmd
based on blast against nt database with long fragment
sequence.

Identification of the streptothricin and tunicamycin
biosynthetic gene clusters

To identify the antibacterial substances produced in the
fermentation broth of strain fdl-xmd, a series of mutant
strains were constructed. We found that the active ingre-
dient has high water solubility since we isolated strain
fd1-xmd. And NRPS products are more likely to show
water solubility than PKS and other gene products. We
choose eight possible gene clusters for first and second-
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Streptomyces coelicolorNBRC 128547 (AB184196)

Kitasatospora nipponensis HKI 03157 (AY442263)

for each node is indicated as a percentage calculated from 1000 randomly
resampled datasets. Bar, 0.005 substitutions per nucleotide position.
Streptomyces sp. Mgl, shown in bond, is the most homologous strain
with strain fd1-xmd between all Streptomyces strains with complete
genome

round knocking-out experiments according to better water
solubility and high integrity. These biosynthetic gene
clusters encode TM (named as 10 in this paper), ST
(named as 27), and six other NRPSs (named as 29, 39,
42, 45, 59, 8-1/8-2, respectively; two deletion mutant
strains 8-1/8-2 were constructed because the eighth TI1PKS-
NRPS biosynthetic gene cluster is too large). We deleted the key
synthetase genes B/K54 RS324595, BIK54 RS324600, and
BI1K54 RS324605 in the ST gene cluster, which caused the in-
hibition zone on the Micrococcus luteus plate, Saccharomyces
cerevisiae plate, and Escherichia coli plates to disappear, indicat-
ing that the active substance inhibiting the growth of
Micrococcus luteus and Saccharomyces cerevisiae was ST.
However, the inhibition zone for the ST gene cluster minus



Appl Microbiol Biotechnol (2018) 102:2621-2633 2627
Table 1 Detection of 25
secondary metabolite Cluster ~ From To Type Predicted product Length ~ Name in
biosynthesis gene clusters based D (bp) this paper
on antiSMASH tool

a 208,982 223,878 Lassopeptide - 14,896 -

b 483,860 500,917 Terpene Carotenoid 17,057 -

c 687,050 716,959 Nrps - 29,909 45

d 821,559 841,354 T2pks Spore pigment 19,795 -

e 1,153,878 1,214,570  Nips Tambromycin 60,692 39

f 1,286,476 1,314,616  Tlpks - 28,140 -

g 1,369,074 1,377,260  Butyrolactone — 8186 -

h 1,388,746 1,434,235  Nrps - 45,489 42

i 3,093,814 3,105,514  Siderophore Desferrioxamine B 11,700 -

j 3,713,850 3,736,435  Lantipeptide — 22,585 -

k 4,460,423 4,502,215  Bacteriocin-Nrps — 41,792 59

1 5,884,824 5,899,720  Siderophore — 14,896 -

m 5,955,578 5,965,536  Nucleoside Tunicamycin 9958 10

n 6,077,906 6,193,734  Tlpks-Nrps Himastatin 115,828 8

0 6,218,416 6,258,550  Tlpks-lantipeptide - 40,134 -

P 6,338,244 6,347,548  Bacteriocin - 9304 -

q 6,444436 6,466,667  Terpene - 22,231 -

r 6,470,060 6,560,495  Butyrolactone-T1pks — 90,435 -

6,808,575 6,824,563  Terpene Hopene 15,988 —
7,290,731 7,318,410  Nrps Streptothricin 27,679 27

u 7,351,460 7,425,580  Terpene-Nrps Coelichelin 74,120 29

\% 7443417 7,454,805  Terpene 2-Methylisoborneol 11,388 -

w 7,504,674 7,548,489  Melanin-terpene — 43,815 -

X 7,603,985 7,617,225  Siderophore — 13,240 -

y 7,645,618 7,686,676  T3pks Alkylresorcinol 41,058 -

mutant strain fd1-xmd-ko27 became smaller on the Bacillus
cereus plate but did not disappear. We then knocked out the
key genes BIK54 RS26950 and BIK54 RS26955 in the TM
gene cluster as well as other predicted NRPSs in the ST gene
cluster knockout mutants (Fig. 4). We tested the inhibition zones
caused by fermentation broth samples derived from all mutant
and wild-type strains. Inhibition zone sizes for both the TM and
ST gene cluster knockout strains decreased significantly com-
pared with the zone for the ST gene cluster knockout strain.
However, the zones for the other six mutants did not obviously
change.

In order to identify the antimicrobial substances more
deeply, we used HP20 resins to isolate ST and TM from
fermentation broth of strain fdl-xmd and other three
knockout strains. From the result of antibacterial assay
shown in Fig. S2, we could draw the conclusion that
HP20 resins absorb TM but no ST. ESI analysis of
concentrated methanol extract of HP20 resins from
fdl-xmd and supernatant of fdl-xmd fermentation broth
absorbed by HP20 resins shows that ST-F, TM-A, TM-

B, TM-C, and TM-D were detected successfully. Thus,
these results indicate that the observed biological activ-
ity is due to the production of TM and ST.

Bioinformatic analysis of the streptothricin
and tunicamycin biosynthetic gene clusters
in fd1-xmd and other related strains

After genome annotation and gene cluster prediction, the ST
and TM biosynthetic gene clusters were identified. We select-
ed from a wide range of putative members of the correspond-
ing biosynthetic clusters. The sequence of the ST gene
cluster of strain fdl-xmd exhibited high homology to
the sequences AB684619 (Streptomyces rochei NBRC
12908), KC935381 (Streptomyces sp. TP-A0356), and
KF498701 (Streptomyces lavendulae subsp. lavendulae
strain BCRC 12163) (Fig. 5a) (Chang et al. 2014; Li
et al. 2013; Maruyama et al. 2012). We identified 21
ORFs ranging from BIK54 RS32535 to
BIK54 RS32635 that completed the ST gene cluster,
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A27A59

A27A81

Fig. 4 The inhibition zone of fd1-xmd and other knockout mutant strains
on Micrococcus luteus (a), Bacillus cereus (b), Saccharomyces cerevisiae
(¢), and Escherichia coli (d) plates. First line: wild-type fd1-xmd; second
line: the left three fd1-xmd-ko10, the right three fd1-xmd-ko27; third line:
the left three fd1-xmd-ko27-10, the right three fd1-xmd-ko27-29; fourth
line: the left three fd1-xmd-ko27-39, the right three fd1-xmd-ko27-42;

which is similar to AB684619 and KC935381 but dif-
fers from KF498701 in that it lacks the stnS gene.

The similarity between the sequence of the TM gene
cluster of strain fdl-xmd and HQ111437 (Streptomyces
chartreusis strain NRRL 3882) was far greater than the
similarity between the tunicamycin gene cluster and
CMO000913 (Streptomyces clavuligerus ATCC 27064)
(Fig. 5b) (Chen et al. 2010; Medema et al. 2010). The
TM gene cluster of strain fdl-xmd contains 12 ORFs
that appear to lie in a single operon ranging from
BI1K54 RS26960 to BIK54 RS27015.

Isolation and heterologous expression
of the streptothricin gene cluster

The plasmid pDRX-27 containing the complete ST gene
cluster was constructed, with a length of 41,818 bp
(Fig. 6a). Plasmids obtained from two colonies were
digested with Ps#l and contained the correct digested
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A27A8-2 A27A8-1

b

WT

A10 - A27
A27A10 -4 A27A29
A27A39 427042
A27A45 -q A27A59
A27A8-1 - A27A8-2
d

A27A8-2

fifth line: the left three fd1-xmd-ko27-45, the right three fd1-xmd-ko27-
59; sixth line: the left three fd1-xmd-ko27-8-1, the right three fd1-xmd-
ko27-8-2. We added 10 pL of liquid fermentation broth to each filter
paper on Micrococcus luteus and Bacillus cereus plates and 20 pL on
Saccharomyces cerevisiae plate. Each mutant strain has three replications
with the except of the wild-type strain, which has six replications

products (Fig. 6b). Then, plasmids pZB101 (Zhang et al.
2013) and pDRX-27 was transferred into Streptomyces
coelicolor M1146 through conjugation in turn.
Recombined by the pZB101 encoded PhiC31 integrase,
pDRX-27 was inserted into the genome of M1146.
These viable colonies were picked and validated. The
newly obtained strain with complete ST gene cluster
was named M1146-stre. The fermentation broth from
M1146 and M1146-stre was used to test ST bioactivity.
We clearly observed inhibition zones on the Micrococcus luteus,
Bacillus cereus, Staphylococcus aureus, Mycobacterium
smegmatis, Escherichia coli, and Rhizopus nigricans plates
(Fig. 6¢, d, Fig. S3). We also obtained an ST yield of nearly
0.5 g/L, based on the size of the inhibition zone (Supporting
Information, Table S3). A peak of ST F at 1.80 min was observed
in the LC-MS trace for the M1146-stre fermentation sample,
which was the same peak observed for the standard sample
(Fig. 6e). Based on these results, we conclude that fd1-xmd
contains a complete ST gene cluster, and the product is bioactive.
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Fig. 5 Comparison of the ST and TM biosynthetic gene cluster. a
Homology analysis of the ST biosynthetic gene cluster among strain
fd1-xmd, Streptomyces rochei, Streptomyces sp. TP-A0356, and
Streptomyces lavendulae subsp. lavendulac. b Homology analysis of

Discussion

With the development of sequencing technologies and specifi-
cally high-throughput sequencing instruments, whole-genome
sequencing of microbes has become very common and conve-
nient. Complete genome sequences are quickly constructed by
obtaining long reads using PacBio sequencing technology and
filling in gaps with short reads obtained using Illumina sequenc-
ing technology. The price of sequencing is also acceptable to
most labs. The use of genome sequencing technology to ex-
plore novel and unknown microbial resources carried high po-
tential. An increasing number of natural products were deter-
mined from uncultured microorganisms through genome se-
quencing and mining. On the other hand, some kinds of bioac-
tive products could not be identified because the very low yield,
genome sequencing, and subsequent bioinformatic analysis
may solve the problem. In addition to identifying new types
of antibiotics and other bioactive substances, important strain
information may also be obtained from complete genome se-
quences. Additionally, it is possible to modify the metabolic

=
15,000 '

s 20,000

the TM biosynthetic gene cluster among fd1-xmd, Streptomyces
chartreusis strain NRRL 3882, and Streptomyces clavuligerus strain
ATCC 27064

networks of microorganisms based on their genomic informa-
tion. Strain fd1-xmd produces bioactive substances that inhibit
the growth of gram-positive bacteria, gram-negative bacteria,
and eukaryotes. These characteristics intrigued all of us. After
performing sequencing and assembly, we reported the complete
genome sequence of strain fdl-xmd and identified two com-
plete functional gene clusters: TM and ST.

An interesting point is that strain fd1-xmd has seven com-
plete rTRNA operons, but more than half strains of
Streptomyces have only six complete rRNA operons. This
can also be a reference for studies of systematics and evolution
of genus Streptomyces.

The inhibition zone of Bacillus cereus did not disappear
when key genes in the TM and ST gene clusters were
completely knocked out. This indicates that there may exist
other unknown bioactive natural products in the fermentation
broth of strain fd1-xmd. We will explore these bioactive sub-
stances of strain fd1-xmd by performing genome mining and
experiments in the future. Another significant point to be con-
sidered is that an obvious peak at 1.50 min was observed in the
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Fig. 6 Heterologous expression of the ST biosynthetic gene cluster in
Streptomyces coelicolor M1146. a Map of the plasmid pDRX-27 in
which heterologous expression of the ST biosynthetic gene cluster was
performed. b Restriction enzyme map of pDRX-27 under Psz. The inhi-
bition zones obtained with different concentrations of ST standard sam-
ples and mutant strains on Micrococcus luteus (¢) and Bacillus cereus (d)
plates. First line: concentrations of the standard samples from the left to

LC-MS trace for the M1146-stre fermentation sample. More
experimental work will be done in follow-up study.
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the right are 0.2, 0.5, 1.0, 2.0, and 5.0 g/L. We added 10 pL of each
standard sample to each filter paper. Second line: wild-type
Streptomyces coelicolor M1146. We added 10 pL of liquid fermentation
broth to each filter paper. Lines 3 to 5 represent three replicates for which
10, 20, and 30 pL of liquid fermentation broth derived from M1146-stre
were added to each filter paper. e LC-MS analysis of ST production in
S. coelicolor M 1146 and M 1146-stre. The first line is the standard sample

Heterologous expression of the ST gene cluster from strain
fdl-xmd in S. coelicolor M1146 was successfully achieved
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with a yield as high as 0.5 g/L. Bead rings play a great role on
the production. The yield is only half of the normal level
without the bead rings when fermentation. Aerial mycelium
and substrate mycelium of Streptomyces may form mycelial
pellets in the liquid fermentation medium. Bead rings could
smash the mycelial pellets and benefit the growth of strain
fd1-xmd. It is noteworthy that in other studies, the production
of ST was achieved after 7 to 12 days of growth, whereas good
production levels of heterologous expression were obtained
after only 2 days in our study. This discovery can greatly
reduce the production cycle of ST and suggest that strain
M1146-stre be a very good producer of ST.

In conclusion, we isolated Streptomyces sp. strain fd1-xmd
and demonstrated the ability of this strain to naturally produce
TM and ST based on the results of an antibacterial assay and
LC-MS. A combined PacBio-Illumina approach was imple-
mented to obtain the complete genome sequence of
Streptomyces sp. strain fd1-xmd. We identified the complete
TM and ST biosynthetic gene clusters of fd1-xmd and com-
pared them with other related strains. We also utilized an ad-
ditional genetic source for TM and ST production. We believe
that this work represents a complete scientific study, from
strain isolation, to genome sequencing and mining, to gene
cluster knockout, and finally to successful heterologous ex-
pression. Thus, this study provides a preliminary procedure
for the mining of known natural bioactive products combine
with genome sequence.
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