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SUMMARY

Streptomyces species have attracted considerable interest as a reservoir of medi-
cally important secondary metabolites, which are even diverse and different be-
tween strains. Here, we reassess ten Streptomyces venezuelae strains by present-
ing the highly resolved classification, using 16S rRNA sequencing, MALDI-TOF MS
protein profiling, and whole-genome sequencing. The results revealed that seven
of the ten strains were misclassified as S. venezuelae species. Secondary metabolite
biosynthetic gene cluster (smBGC) mining and targeted LC-MS/MS based metabo-
lite screening of S. venezuelae and misclassified strains identified in total 59 second-
ary metabolites production. In addition, a comparison of pyrrolamide-type anti-
biotic BGCs of four misclassified strains, followed by functional genomics,
revealed that athv28 is critical in the synthesis of the anthelvencin precursor,
5-amino-3,4-dihydro-2H-pyrrole-2-carboxylate (ADPC). Our findings illustrate the
importance of the accurate classification and better utilization of misclassified
Streptomyces strains to discover smBGCs and their secondary metabolite products.

INTRODUCTION

Streptomyces bacteria comprise the largest genus of the phylum Actinobacteria, which have attracted
considerable interest because of their ability to produce various secondary metabolites, such as antibiotics,
anticancer drugs, anthelmintic enzymes, antifungal agents, and herbicides (Embley and Stackebrandt,
1994, Berdy, 2005; Hopwood, 2007). Particularly, more than 70% of clinically relevant antibiotics are
currently produced by Streptomyces (Law et al., 2019). On average, approximately 30 secondary metabo-
lite biosynthetic gene clusters (smBGCs) are encoded in each Streptomyces genome, and most of these
smBGCs are species-specific (Omura et al., 2001; Bentley et al., 2002). Moreover, recent genome mining
studies have shown high chemical diversity even within closely related Streptomyces strains (Seipke,
2015; Antony-Babu et al., 2017; Park and Andam, 2019; Sottorff et al., 2019; Belknap et al., 2020; Kim
et al., 2020), thereby emphasizing the importance of genome mining at the strain level.

Although morphological and physiological observations are still being used as a standard procedure for
the classification of Streptomyces (Chandra and Chater, 2014; Li et al., 2016), the similar morphologies be-
tween Streptomyces species often lead to the misclassification of the Streptomyces genus (Kim et al., 2012).
Although 16S rRNA sequence-based phylogeny has been considered as an alternative for genus-level
identification, the resolution of 16S rRNA gene sequencing is limited for species or strain-level classification
(Meklat et al., 2011; Kim et al., 2012). In particular, the heterogeneity of 165 rRNA sequences among the
multiple copies in the genome and a low correlation with the DNA-DNA relatedness are drawbacks of
the 16S rRNA gene sequencing method (Kim et al., 2012). To establish a robust phylogeny of Streptomyces
at the species level, a standardized pipeline for classification with higher discriminatory power than that
provided by the 16S rRNA sequence-based method is required.

An accurate classification of Streptomyces strains is crucial in two respects. First, taxonomically close strains
or species are likely to possess similar smBGCs, conserved regulatory systems, and common precursors
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Therefore, utilization of an accurate phylogenetic analysis is vital in comparative genomics to identify ge-
netic factors that influence the secondary metabolites production and host selections for heterologous ex-
pressions (Cho et al., 2019; Myronovskyi and Luzhetskyy, 2019; Kim et al., 2020). Second, misclassified
Streptomyces strains produce distinct pools of secondary metabolites (Doroghazi and Metcalf, 2013).
Thus, a reassessment is needed to fully exploit the underestimated potential of misclassified strains with
regards to new secondary metabolites discovery.

Among the many Streptomyces species, S. venezuelae has emerged as an efficient host for heterologous
expression and developmental studies because of its fast growth rate, ease of genetic manipulation, lack of
mycelial clumping, and sporulation in liquid media (Bush et al., 2015; Phelan et al., 2017). Among a total of
29 S. venezuelae strains that have been isolated to date, S. venezuelae ATCC 10712 has been extensively
studied with regard to secondary metabolite production and developmental regulation. The strain has
been noted to produce chloramphenicol for the treatment of bacterial infections (Vitayakritsirikul et al.,
2016), and jadomycin exhibiting antimicrobial activities and breast cancer cytotoxicity (Kim et al., 2020).
Also, S. venezuelae ATCC 15439 encodes the pikromycin BGC, which has been extensively studied because
of its unique ability to produce diverse macrolides from one cluster (Xue et al., 1998). Unlike S. venezuelae
ATCC 10712 and ATCC 15439 strains, the smBGCs and related characteristics of other S. venezuelae strains
remain largely unknown. Indeed, several strains were classified as S. venezuelae species through
morphology and carbon utilization characterization about 50 years ago (Probst et al., 1964; Meyers
et al.,, 1972). Therefore, more accurate and reliable classifications are needed to better understand their
physiology and ability to produce secondary metabolites.

In this study, we reassessed ten S. venezuelae strains along with 15 strains of other Streptomyces species.
First, we determined the taxonomy of the strains using 16S rRNA sequence and MALDI-TOF MS profile-
based phylogenetic analysis, resulting in different phylogenies in the classification of several strains. To
further validate the classification, whole-genome alignment was conducted supporting that MALDI-TOF
MS protein profile-based classification provides higher resolution than 16S rRNA-based classification for
determining the phylogenetic distance between Streptomyces species. As a result, seven misclassified
S. venezuelae strains were identified. Furthermore, using smBGC mining followed by LC-MS/MS-based
metabolite screening, we identified 59 secondary metabolites produced by the three S. venezuelae and
seven misclassified strains, including 45 previously not reported cases. Seven non-S. venezuelae strains
produced highly distinct secondary metabolites compared to the three S. venezuelae strains. Specifically,
the comparison of pyrrolamide-type antibiotic BGCs from four phylogenetically close non-S. venezuelae
strains in tandem with functional genomics studies demonstrated the enzymatic reaction required for bio-
synthesizing the anthelvencin precursor, 5-amino-3,4-dihydro-2H-pyrrole-2-carboxylate (ADPC). The accu-
rate classification and re-evaluation of the ten Streptomyces strains belonging to the S. venezuelae species
expanded the genetic repositories for new secondary metabolite discovery and elucidated secondary
metabolite biosynthetic processes by comparing closely related strains.

RESULTS

Phenotypic characteristics of S. venezuelae strains

To date, 29 Streptomyces have been categorized as S. venezuelae strains on the basis of the similarity in
their morphology and carbon utilization (Ehrlich et al., 1948; Probst et al., 1965; Kim et al., 2020). In order
to reassess this classification, we first compared phenotypic characteristics of ten S. venezuelae strains
commercially available from ATCC (listed in Table 1). Hereafter, the strain names of S. venezuelae are de-
noted as their ATCC numbers. All strains showed distinct colony formations, and after 270 h growth on solid
MYM media distinct pigment production and spore formation were observed (Figure 1A). Next, ten strains
were cultured in MYM liquid media and doubling times were measured. As a result, their doubling times
ranged from 54.69 min (ATCC 10712) to 70.52 min (ATCC 21782) at exponential growth phase (Figure 1B).
These strains were then categorized into two groups based on the maximum cell growth, representing the
difference in their ability to utilize maltose, the main carbon source of MYM media (Figure 1B). These ob-
servations demonstrate the distinct characteristics of these strains in morphological features and carbon
utilization, thus requiring additional identification of the strains.

Phylogenetic analyses based on the 16S rRNA sequences

To investigate the phylogenetic relationship of the S. venezuelae strains, we determined their 165 rRNA
sequences (Figure S1 and Table S1). Applying 97% identity of the 16S rRNA sequence as canonical
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Table 1. The features of ten S. venezuelae strains used in this study

Strain number Features Origin

Reference

ATCC 10712 Chloramphenicol and jadomycin B producer Soil from Carcas, Venezuela
ATCC 15439 Methymycin and pikromycin producer Florence, Italy
ATCC 15068 Methymycin producer Oswego, New York, USA
ATCC 21113 Xylose isomerase and glucose isomerase producer Unknown
ATCC 10595 Chloramphenicol producer Soil from Urbana, lllinois, USA
ATCC 21782 Antibiotic EM-98 producer Soil from Florida, USA
ATCC 21018 3-methylthiopropylamine and methionine decarboxylase Soil

producer
ATCC 14583 Substilisin inhibitor and anthelvencin A producer Soil
ATCC 14584 Anthelvencin A producer Soil
ATCC 14585 Anthelvencin A producer Soil

(Ehrlich et al., 1948)

(Dutcher et al., 1956)
(Dutcher et al., 1956)

(lizuka et al., 1969)

(La Farina et al., 1996)
(Meyers et al., 1972)
(Nakayama and Hagino, 1968)

(Probst et al., 1964, 1965)
(Probst et al., 1964, 1965)
(Probst et al., 1964, 1965)

threshold for species delimitation (Stackebrandt and Goebel, 1994), all strains were classified as identical
species (Figure 2A). However, the inaccuracy of the criterion has been recently brought forth, and a sugges-
tion of 99% identity as a new threshold has been made (Edgar, 2018). According to the 99% threshold, only
five strains (ATCC 10595, 10712, 15068, 15439, and 21113), containing two representative S. venezuelae
type strains (ATCC 10712 and 15439), were classified as S. venezuelae species (Figure 2A). Among the re-
maining five strains, only ATCC 21018 and 21782 strains were the same species, whereas ATCC 14583,
14584, and 14585 strains were supposed to be different species.

Additional 16S rRNA sequence-based phylogenetic analysis of the 15 strains from other Streptomyces spe-
cies (Table 2) further supported a misclassification of some of the strains. With the 99% threshold, four
clades existed, and streptomycetes belonging to each clade could be regarded as identical species (Fig-
ure 2B). The first clade consists of five S. venezuelae strains, including two type strains. These strains were
phylogenetically closer to S. cinereoruberand S. filamentosus than the remaining five S. venezuelae strains.
Actually, according to the NCBI taxonomy database, S. filamentosus is a subspecies of S. venezuelae and is
also called S. venezuelae subsp. roseospori, indicating the phylogenetically close relationship with
S. venezuelae. Among the five remaining S. venezuelae strains, ATCC 21018 and 21782 strains were group-
ed in the second clade along with S. subrutilus and S. vinaceus, showing that these two strains are distinct
from the S. venezuelae species. Moreover, the ATCC 14583 strain belonged to the third clade with
S. galilaeus, S. chartreusis, and S. alboniger; ATCC 14584 and 14585 strains did not cluster with any other
species. The fourth clade consisted of S. coelicolor and S. lividans, a representative example of closely
related streptomycetes. Although they have been widely accepted as discrete species, they have to be
classified as the same species according to the current taxonomic criteria. Thus, 16S rRNA sequence-based
phylogenetic analysis unveiled misclassifications in Streptomyces taxonomy and, particularly, five out of ten
S. venezuelae strains are likely to be distinct species and not S. venezuelae.

Phylogenetic analyses based on MALDI-TOF MS protein profiles

Although 16S rRNA sequence-based phylogenetic analysis is considered to be a suitable method for
genus-level identification, low phylogenetic power at the species and strain level is a drawback (Kim
et al., 2012). In particular, resolution problems at the species level have been found in several groups of
bacteria, including Actinomyces (Janda and Abbott, 2007). In the past decades, MALDI-TOF MS-based
whole-cell protein profiling has emerged as a powerful tool in microbiology because of its capability to
identify and differentiate microorganisms (Claydon et al., 1996; Evason et al., 2001; Kostrzewa et al.,
2013). To determine the phylogenetic distance between S. venezuelae strains based on their whole-cell
protein profiles, we analyzed and compared the total protein profiles of 25 streptomycetes grown in
ISP2 liquid media. The profiles were acquired in a mass range of m/z 2,000 to 12,000 using MALDI-TOF
MS (Figure S2A). A series of peaks in the range of 4,000 to 6,000 m/z were abundantly presented in almost
all of the protein profiles of the strains. To evaluate the reliability of this method, each mass spectrum was
subjected to Biotyper 3 microbial identification. The MALDI-TOF MS spectra of 25 streptomycetes were
completely identified by their corresponding main spectra profiles (MSPs) as a first hit with confident ID
scores (>2.5), although some strains showed very similar mass spectral patterns (Table S2).
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Figure 1. Phenotypic characteristics of ten Streptomyces venezuelae strains

(A) Colony proliferation shape and pigment production on solid MYM media.

(B) The growth profile of ten S. venezuelae strains in MYM liquid media. Data are represented as mean value and error bars
indicate standard deviation (s.d.) of three biological replicates.

Next, a phylogenetic dendrogram of 25 streptomycetes was generated using principal component analysis
(PCA) by calculating the Euclidean distance between MSPs of 25 streptomycetes (Figures 2C and S2B). Ac-
cording to the canonical threshold of ID score for species-level identification (>2.0) (Mértelmaier et al.,
2019), five S. venezuelae strains (ATCC 21113, 10712, 10595, 15439, and 15068) were considered as identical
species, consistent with the results of the 16S rRNA sequence-based classification. In the case of ATCC
21018 and 21782 strains, although they were not regarded as the same species, they were consistently clus-
tered with S. subrutilus and S. vinaceus. Moreover, MALDI-TOF MS protein profile-based classification
identified ATCC 14583, 14584, and 14585 strains as identical species (Table S2), whereas 16S rRNA
sequence-based classification revealed that these three strains were distantly related. Additionally, this
result conflicted with the ATCC 14583 strain being considered to be the same species as the other Strep-
tomyces species based on the 16S rRNA sequence similarity (Figures 2B and 2C). In summary, MALDI-TOF
MS protein profile-based classification determined that only five out of ten S. venezuelae strains are
S. venezuelae species, which is consistent with 16S rRNA sequence-based classification results. However,
phylogeny of the remaining five S. venezuelae strains was clearly different between the 16S rRNA
sequence- and MALDI-TOF MS protein profile-based classifications.

Genome sequence-based phylogenomics analysis

Phylogenomics based on the whole-genome sequence comparison is the most robust taxonomic method
and is considered to be the gold standard for species-level taxonomic circumscription (Lalucat et al., 2020).
To determine the indubitable species circumscription of S. venezuelae species and evaluate the phylogeny
based on 16S rRNA sequences and MALDI-TOF MS protein profiles, we compared the complete genome
sequences of 25 streptomycetes. The full genome sequences of 21 streptomycetes used in this study were
recently determined by our group using a hybrid strategy, exploiting both long-read and short-read
sequencing methods (Lee et al., 2020), whereas the genome sequences of the remaining four streptomy-
cetes were obtained from the NCBI database (Table 2). The MUMmer ultra-rapid aligning tool (ANIm)
values between 25 genome sequences were calculated using PYANI v0.2.9 (Pritchard et al., 2016) because
ANIm is considered to provide more accurate results than the BLAST algorithm (ANIb) when the genome
sequences are highly similar (Richter and Rossello-Mora, 2009).

Clustering 25 streptomycetes based on the ANIm values determined rigorous species circumscription of
ten S. venezuelae strains (Figure 2D). First, five S. venezuelae strains, which were determined to be identical
species based on both 16S rRNA sequence-based and MALDI-TOF MS protein profile-based classification
results, were clearly separated into G1 group (ATCC 10595, 10712, and 21113 strains) and G2 group (ATCC
15439 and 15068 strains). According to the common threshold of ANIm value for species delimitation
(>95%) (Richter and Rossello-Mora, 2009), only strains in the G1 group were thought to be of the same spe-
cies. In fact, highly distinct secondary metabolite production was reported for strains in G1 and G2 groups;
strains in G1 group are known to produce chloramphenicol and jadomycin, whereas those in the G2 group
produce pikromycin derivatives (Xue and Sherman, 2001; Kim et al., 2020). Collectively, only chloramphen-
icol producers (ATCC 10712, 21113, and 10595 strains) can be classified as S. venezuelae species. Although
the ATCC 15439 strain has been widely accepted as a type strain of S. venezuelae species with the ATCC
10712 strain, it has to be classified as a different species. Note that the ATCC 15439 strain was originally
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Figure 2. Phylogenetic analysis of ten Streptomyces venezuelae strains with other streptomycetes

(A) 16S rRNA sequence-based distance between ten Streptomyces venezuelae strains. Numbers at node indicate
percentage of bootstrap support.

(B) 16S rRNA sequence-based phylogenetic analysis. Four clades were detected with the BLAST identity value of more
than 99%. Numbers at node indicate percentage of bootstrap support.

(C) MALDI-TOF MS protein fingerprinting-based phylogenetic analysis. Four clades were detected with a Biotyper score
value of more than 2.0.

(D) Phylogenomic analysis. Eight S. venezuelae strains were clustered into three clades, G1 with the ANIm percentage
identity of more than 95% and G2 and G3 with the ANIm percentage identity of more than 90%. The remaining two strains
were not clustered with any streptomycetes.

described as S. venezuelae in the NCBI database, but was recently renamed S. gardneri. Second, genome
sequences of the strains in the G3 group were largely different from those in G1 and G2 groups (ANIb
<78%), consistent with both 16S rRNA sequence-based and MALDI-TOF MS protein profile-based classi-
fications. However, genome sequences of strains in G3 group were highly comparable (ANIb >90%), sup-
porting the result that MALDI-TOF MS protein profile-based classification was more reliable than 16S rRNA
sequence-based classification, which grouped ATCC 14584 and 14585 strains with S. avermitilis rather than
the ATCC 14583 strain (Figures 2C and 2D). The ANIm value between strains in G3 group and S. avermitilis
was less than 85%, representing the low discriminatory power of 16S rRNA sequence-based classification.
Third, ATCC 21782 and 21018 strains were close to S. vinaceus and S. subrutilus, consistent with both 16S
rRNA sequence- and MALDI-TOF MS protein profile-based classifications, but the ANIm value between the
two strains was 87%, implying that they are distinct species.

Phylogenomic analysis confirmed that genomic similarity does not always guarantee phenotypic similarity.
For example, the ANIm value between strains in the G3 group was more than 90% (Figure 2D), but the
maximum cell mass of the ATCC 14583 strain in the MYM liquid culture condition was approximately twice
as high as those of the other two strains belonging to the G3 group (ATCC 14584 and 14585) (Figure 1B).
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Table 2. Accession number and information of 25 Streptomyces genomes used in this study

Species Accession number Genome size
1 Streptomyces coelicolor A3(2) AL645882.2 8,667,507
2 Streptomyces lividans TK24 CP009124.1 8,345,283
3 Streptomyces griseus NBRC 13350 AP009493.1 8,545,929
4 Streptomyces avermitilis MA-4680 BA000030.4 9,025,608
5 Streptomyces clavuligerus ATCC 27064 CP027858 6,748,591
6 Streptomyces tsukubaensis NRRL 18488 CP020700 7,963,742
7 Streptomyces aureofaciens KCTC 1086 CP023698 7,757,877
8 Streptomyces galilaeusKCTC 1921 CP023703 7,756,194
9 Streptomyces subrutilus KCTC 9045 CP023701 7,604,974
10 Streptomyces prasinus KCTC 9019 CP023697 7,647,592
11 Streptomyces alboniger KCTC 9014 CP023695 7,962,786
12 Streptomyces cinereoruber KCTC 9706 CP023693 7,516,652
13 Streptomyces filamentosus KCTC 9568 PDCLO0000000 5,744,022 and 2,131,385
14 Streptomyces vinaceus KCTC 9771 CP023692 7,673,509
15 Streptomyces chartreusis KCTC 9704 CP023689 9,912,098
16 Streptomyces venezuelae ATCC 10712 CP029197 8,223,505
17 Streptomyces venezuelae ATCC 15439 CP059991 9,054,831
18 Streptomyces venezuelae ATCC 21018 CP029189 7,746,267
19 Streptomyces venezuelae ATCC 21782 CP029190 7,525,322
20 Streptomyces venezuelae ATCC 15068 CP029194 8,558,202
21 Streptomyces venezuelae ATCC 14583 CP029193 8,018,484
22 Streptomyces venezuelae ATCC 14584 CP029192 8,942,078
23 Streptomyces venezuelae ATCC 14585 CP029191 8,048,154
24 Streptomyces venezuelae ATCC 21113 CP029196 7,893,803
25 Streptomyces venezuelae ATCC 10595 CP029195 7,871,480

This result highlighted the inappropriateness of morphology-based classification for determining Strepto-
myces taxonomy. However, comparing phenotypes under more diverse culture conditions will help deter-
mine strain similarity. Explaining phenotypes via differences in genomes is challenging because a single
nucleotide difference sometimes causes an extreme phenotypic change (Kim et al., 2020).

Next, the genomic contents of ten Streptomyces strains were comprehensively compared using pan-
genome analysis, which identified the diversity in genomic components of the strains (Figures S3A and
S3B). The functional classification of orthologous groups using the COG category revealed that genes
related with cell growth and maintenance were highly conserved across the strains, whereas a wide distinc-
tion was observed in terms of secondary metabolite production, requiring further reassessment of the
strains (Figure S3C). In addition, a large portion of genes related to cell motility, replication, recombination,
and repair were strain-specific, supporting the distinguishable colony proliferation shape of strains
(Figure 1A).

Mining smBGCs from the genomes

To evaluate the potential of the ten strains producing secondary metabolites, smBGCs in their genomes
were predicted using antiSMASH (Blin et al., 2017). The results showed that these strains contain a total
of 292 smBGCs. The ATCC 14584 strain contained the largest number of 29 smBGCs whereas the ATCC
21782 strain exhibited the smallest number of 17 smBGCs.

Distinguishing the boundary between nearby independent smBGCs is still challenging due to the presence

of various hybrid type smBGCs (Cimermancic et al., 2014; Belknap et al., 2020). In this aspect, antiSMASH
algorithm uses a term "“region,” which include hybrid smBGCs, but often contain two or more independent
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smBGCs (Blin et al., 2019), requiring manual curation. For example, the venemycin BGC of the ATCC 10595
strain included thiazostatin/watasemycin BGC, whereas the thiazostatin/watasemycin BGC of ATCC 21113
and 10712 strains included venemycin BGCs; thus, the two smBGCs were manually separated (Figure S4A).
The nenestatin BGC of the ATCC 14584 strain was included in the lomaiviticin BGC, whereas the mirubactin
BGC of the ATCC 14583 strain was included in the netropsin BGC (Figures S4B and S4C).

Meanwhile, the flaviolin BGC of the ATCC 15439 strain, the alkylresorcinol BGC of the ATCC 15068 strain
and the purincyclamide BGC of the ATCC 14585 strain were missing in the antiSMASH prediction. These
smBGCs were identified using BLAST-based searching with the corresponding smBGC sequences of
phylogenetically close strains (Figures S4D-S4F). Additionally, owing to the limitation of the MIBIG data-
base, several well-characterized smBGCs of these strains were predicted as different smBGCs. For
example, ATCC 10595, 21113, and 10712 strains are known to produce jadomycin, but the jadomycin
BGC was annotated as rabelomycin or auricin BGCs. In addition, the pikromycin BGC of ATCC 15439
and 15068 strains was predicted to be rosamicin BGC (Figure 3A). Overall, 246 of 292 smBGCs were
matched with the known smBGCs in the MIBIiG database (Kautsar et al., 2020), which were 100 unique
smBGCs among the ten strains (Table S3). To minimize the false-positive smBGCs predicted with the
low similarity, we selected smBGCs based on their sequence similarities with >30% according to the jado-
mycin BGC in the ATCC 10595 strain, because the jadomycin production from this BGC was previously vali-
dated (Kim et al., 2020). Finally, a total of 48 unique smBGCs were identified, and their distribution was
distinct among the genomes of the strains (Figure 3A).

Consistent with the genome sequence-based phylogenetic analysis, ATCC 10595, 21113, and 10712 strains
in G1 group, ATCC 15439 and 15068 strains in G2 group, and ATCC 14584, 14585, and 14583 strains in G3
group shared most of the smBGCs, respectively (Figure 3B). Strains in G1 group that are thought to be
S. venezuelae species shared almost the whole smBGCs, including the chloramphenicol and jadomycin
BGCs (Figure 3A). Strains in G2 group shared 10 smBGCs, especially the pikromycin BGC (Figure 3B).
Strains in G3 group possessed almost identical smBGCs and shared only three smBGCs (geosmin, hopene,
and ectoine BGCs) with the strains in G1 and G2 groups, indicating that strains in G3 group produce
completely different secondary metabolites compared to other S. venezuelae species (Figure 3B). Arepre-
sentative product of strains in G3 group is the pyrrolamide metabolite anthelvencin, of which a BGC was
recently identified in the ATCC 14583 genome (Aubry et al., 2020). Indeed, all strains in G3 group contained
the anthelvencin BGC (predicted as netropsin BGC) (Figure 3A). The remaining ATCC 21018 and 21782
strains contained various strain-specific smBGCs (Figure 3B). Next, we compared smBGCs predicted in
the strains, and found that geosmin, hopene, and ectoine BGCs are highly conserved (100% similarity
for geosmin BGCs, 61%-84% similarity for hopene BGCs, and 100% similarity for ectoine BGCs) (Figure 3C).
Geosmin, which has an earthy odor, is speculated to repel predators or attract organisms which could
disperse the spore, helping the growth of Streptomyces (Becher et al., 2020). In addition, it has been re-
ported that hopene and ectoine BGCs are well-conserved throughout the Streptomyces species (Kim
et al., 2015), because hopene and ectoine provide the cellular resistance against harsh conditions such
as heat or acidity (Poralla et al., 2000; Bursy et al., 2008). Overall, smBGC mining of the genomes of the three
S. venezuelae and seven misclassified strains enabled us to reassess their genetic potential to produce
various secondary metabolites.

Examination of secondary metabolite production

We investigated the expected secondary metabolites of smBGCs encoded in each genome using targeted
LC-MS/MS analysis. To increase the chemical diversity of the strains, they were cultured in two different cul-
ture media: (1) liquid MYM media, which is a conventional medium for chloramphenicol and jadomycin pro-
duction of the ATCC 10712 strain (Kim et al., 2020); and (2) liquid MP5 media, which is a representative cul-
ture condition for the production of pyrrolamide-type antibiotics, including netropsin and anthelvencin
(Juguet et al., 2009; Aubry et al., 2020). Since the carbon sources of the two-culture media are different
(maltose and glycerol), the diversity of secondary metabolite production of the ten strains was expected
to increase. After the ethyl acetate extraction of the cultures, the extracts were subjected to the LC-MS/
MS analysis (Dataset S1). On average, six secondary metabolites were produced per strain, with nine com-
pounds (highest number) from ATCC 10712 and 14583 strains, and one compound (lowest number) from
the ATCC 21018 strain (Figure 3A). As expected, the similarity of detected smBGCs to the MIBiG database
was higher, and the corresponding products were detected more often (Figure S5). The targeted LC-MS/
MS screening method results were highly consistent with the previous studies on the ten strains
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Figure 3. SmBGC mining and comparison of ten Streptomyces venezuelae strains

(A) Mining smBGCs and measuring secondary metabolite production using LC-MS/MS. Leftmost G1, G2, and G3 are
clades based on genome alignment in Figure 2D. Second numbers indicate the ATCC number of S. venezuelae strains.
Upper boxes represent existence of corresponding smBGC in the genome based on antiSMASH prediction. Names
above the upper boxes are the putative product names predicted by antiSMASH. For upper boxes of each species, sky
blue boxes indicate manually found (i.e., MF) and other colored boxes indicate similarity with known BGC in MiBiG
database. Lower boxes represent whether corresponding secondary metabolites were produced and names below the
boxes are curated products of corresponding smBGCs. Red boxes indicate that according secondary metabolites were
produced and it is previously reported, and orange boxes represent secondary metabolites production identified first
time in this study. Among the identified 59 secondary metabolite productions by ten strains (red and orange boxes), 45
cases (orange boxes) were firstly reported in this study. If two lower boxes are assigned to single upper box, it means that
two secondary metabolites can be produced from the single smBGC. For example, thiazostatin/watasemycin BGC
produces both thiazostatin and watasemycin. On the other hand, two upper boxes assigned to a single lower box means
that two smBGCs produce the same secondary metabolites. Jadomycin producing BGC was predicted as rabelomycin
BGC in S. venezuelae ATCC 10595 and 15068, whereas it was predicted as auricin BGC in ATCC 21113 and 10712.

(B) Number of shared smBGCs between S. venezuelae strains.

(C) Number of strains have both smBGC1 and smBGC2. SmBGC1 and smBGC2 indicates each row and column.
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(Thanapipatsiri et al., 2016; Inahashi et al., 2017; Kim et al., 2020), and they further enabled the determina-
tion of unexplored secondary metabolite production in the ten strains.

Putative chloramphenicol production was detected in the strains in G1 group, except for the ATCC 21113 strain
that contains a loss-of-function mutation in the cmll gene of chloramphenicol BGC, disrupting the chloram-
phenicol production (Kim et al., 2020). In addition, consistent with the studies that focused on the ATCC
10712 strain, putative jadomycin (Kim et al., 2020), venemycin (Thanapipatsiri et al., 2016), thiazostatin, and wa-
tasemycin (Inahashi et al., 2017) production was observed in all strains in G1 group. In particular, putative fla-
violin production was newly identified from all strains in G1 group, whereas flaviolin production was only re-
ported in the ATCC 15439 strain in G2 group (Maharjan et al., 2010). Moreover, putative A-factor and
alkylresorcinol were also detected in strains in G1 group, production of which has not yet been reported for
this group. All strains in G2 group seem to produce flaviolin (Maharjan et al., 2010) and pikromycin (Xue and
Sherman, 2001) as reported previously. In addition, putative neocarzilin production from ATCC 15439 and
15068 strains was newly observed, which is an antitumor chlorinated polyenone produced by
S. carzinostaticus (Otsuka et al., 2004). Moreover, the ATCC 15068 strain produced cyclizidine, which has
nonselective immunostimulatory properties (Huang et al., 2015). Strains in G3 group are known to produce
only anthelvencin, but genome mining and targeted LC-MS/MS analysis revealed that the strains in G3 group
produced various putative bioactive compounds, such as albaflavenone, isorenieratene, monensin, endophe-
nazine, nenestatin, mirubactin, and purincyclamide. Among the remaining two strains, the ATCC 21782 strain
produced netropsin, which belongs to the pyrrolamide-type antibiotic family, and viomycin with anti-tubercu-
losis activity. Moreover, the ATCC 21018 strain was the only one of ten strains to produce putative 2-methyl-
isoborneol. In summary, genome mining and metabolite identification using targeted LC-MS/MS revealed
that these ten strains can produce more diverse and distinct secondary metabolites than expected. Among
the identified 59 secondary metabolite productions by ten strains (number of red and orange boxes in Fig-
ure 3A), 45 cases (number of orange boxes in Figure 3A) were reported for the first time in this study.

Pyrrolamide-type antibiotic production in ATCC 14583, 14584, 14585, and 21782 strains

Current studies on S. venezuelae strains have been highly focused on ATCC 10712 and 15439 strains, which
are representative strains in G1 and G2 groups, respectively (Kim et al., 2020). However, only a few studies
have been reported for strains in G3 group (ATCC 14583, 14584, and 14585) and the ATCC 21782 strain. The
noteworthy characteristics of these four strains are their ability to produce pyrrolamide-type antibiotics,
which bind to the minor groove of DNA in a sequence-specific manner and have the potential to be
used as anticancer agents (Neidle, 2001). As described above, all strains in G3 group produced anthelven-
cin and the ATCC 21782 strain produced netropsin.

The anthelvencin BGCs of ATCC 14583, 14584, and 14585 strains varied in size from 59 to 105 kbp, but con-
tained the same 30 kbp region, which was determined as the combined BGC of ectoine and NRPS-type
BGC. Among the anthelvencin BGC-encoded genes, 20 had a homolog within netropsin or distamycin
BGC and showed an amino acid sequence identity range between 51.69% and 85.26% with the correspond-
ing genes (Figure 4A and Table 3). Based on sequence similarity, genes in anthelvencin BGC were named
athvand numbered according to the number of homologous genes in netropsin and distamycin BGCs (Ta-
ble 3). A notable difference between netropsin and anthelvencin BGCs was the absence of cgc7 and cgc18
homologs in anthelvencin BGCs (Figure 4A and Table 3). Both genes are involved in the synthesis of gua-
nidinoacetate, one of the main precursors for netropsin assembly (Juguet et al., 2009). In addition, the
dst26 gene, which is involved in formylation during distamycin biosynthesis, did not exist in the anthelven-
cin BGC (Figure 4A and Table 3) (Vingadassalon et al., 2015). The absence of these genes might be the
reason why ATCC 14583, 14584, and 14585 strains are unable to produce other pyrrolamide-type antibi-
otics, such as netropsin, distamycin, and disgocidine. In contrast, the netropsin BGC of the ATCC 21782
strain contained the identical order of genes as the netropsinBGC of S. ambofaciens, supporting the ne-
tropsin production from the ATCC 21782 strain.

Anthelvencin comprises two compounds, anthelvencin A and B, which are distinguished by the number of
methylated nitrogens in pyrrole units (Figure 4B). We observed putative anthelvencin A and B production
using high-resolution FT-ICR MS analysis. The peaks corresponding to the molecular weight of anthelven-
cin A and B were detected with retention times of 2.3 min and 4.1 min, respectively, in the extract ion
chromatograms (Figure 4C). To confirm whether the predicted BGC is actually involved in anthelvencin
production, three BGC-encoded genes of the ATCC 14585 strain were deleted using the CRISPR/Cas?
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Figure 4. Pyrrolamide-type antibiotic production of Streptomyces venezuelae strains

(A) Comparison of anthelvencin BGC and netropsin BGC of S. venezuelae strains with netropsin BGC of S. ambofaciens
and distamycin BGC of S. netropsis. Genes of the S. venezuelae ATCC 14585 strain marked in red are targets for deletion
studies. NRPS, non-ribosomal peptide synthetase.

(B) Chemical structures of pyrrolamide-type antibiotics.

(C) FT-ICR-based anthelvencin A and B measurement.

(D) Abolition of the anthelvencin production in the S. venezuelae ATCC 14585 strain mutant with athv10, athv15, athv19,

and athv28 deletion. Data are represented as mean value and error bars indicate standard deviation (s.d.) of three
biological replicates.

(E) Proposed reaction of Athv28 to produce ADPC from glutamine.
(F) In vitro conversion of glutamine to ADPC using purified Athv28 proteins of S. venezuelae ATCC 14583, 14584, and

14585 strains. Data are represented as mean value and error bars indicate standard deviation (s.d.) of three biological
replicates.

mediated knockout system: (1) athv10, which is involved in precursor (4-acetamidopyrrole-2-carboxylate)
synthesis; (2) athv15, methylating pyrrole groups; and (i) athv19, involved in the anthelvencin assembly
(see STAR Methods and Figure S6A). Anthelvencin A and B production of all three deletion strains was
decreased to undetectable levels, supporting that the BGCs encoding these genes are associated with an-
thelvencin production (Figure 4D).

The notable structural difference between anthelvencin and other pyrrolamide-type antibiotics is the third

connected unit during the assembly, which is predicted to be 5-amino-3,4-dihydro-2H-pyrrole-2-carbox-
ylate (ADPC) for anthelvencin, not guanidinoacetate for netropsin or pyrrole-2-carboxamide for distamycin
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Table 3. Proposed function of genes encoded in the anthelvencin BGC

Genes in Genes in Genes in
anthelvencin  netropsin  Sequence distamycin  Sequence
BGC BGC identity (%) BGC identity (%)  Putative function Role in biosynthesis
athv28 - - - - L-ectoine synthase Precursor biosynthesis (ADPC)
athv27 - - - - Hypothetical protein -
athv19 Cg 19 76.77 dst19 72.41 NRPS, PCP domain Congocidine, distamycin,
anthelvencin assembly
- cgc18 - dst18 - NRPS, A-PCP-C domains Congocidine assembly
(guanidinoacetate)
athv17 cgcl7 83.67 dst17 77.94 Alcohol dehydrogenase Precursor biosynthesis
athv1é cgclé 68.31 dst16 62.7 NRPS, C domain Congocidine, distamycin,
anthelvencin assembly
athv15 cgcl5 83.64 dst15 75.09 Methyltransferase Methylation of pyrrole groups
athv14 cgcl4 84.43 dst14 73.15 Amidohydrolase, deacetylase  Precursor biosynthesis
(4-acetamidopyrrole-2-carboxylate)
athv13 cgcl3 80.23 dst13 70.49 Glycoside hydrolase Precursor biosynthesis
athv12 cgcl2 79.68 dst12 73.96 Nucleotide-sugar Precursor biosynthesis
aminotransferase
athv11 cgcll 76.19 dst11 73.41 Sugar nucleotidyltransferase Precursor biosynthesis
athv10 cgc10 81.44 dst10 71.87 Glycosyltransferase Precursor biosynthesis
(4-acetamidopyrrole-2-carboxylate)
athv9 cgc9 83.99 dst9 81.45 Nucleoside diphosphate Precursor biosynthesis
sugar epimerase/
dehydrogenase
athv8 cgc8 84.37 dst8 76.69 Nucleotide sugar Precursor biosynthesis
dehydrogenase
- cgc7 - dst7 - Hypothetical protein Precursor biosynthesis
(guanidinoacetate)
athvé cgcb 84.62 dsté 80.44 Creatinase Precursor biosynthesis
athvs cgch 84.48 dst5 81.79 Dihydroorotate Precursor biosynthesis
dehydrogenase (3-aminopropionamidine)
athv4 cgcéd 83.33 dst4 79.44 Nucleoside Precursor biosynthesis
2-deoxyribosyltransferase
athv3 cgc3 77.18 dst3 59.69 aldehyde dehydrogenase Precursor biosynthesis
athv2 cgc2 67.58 dst2 61.93 NRPS, C domain Congocidine, distamycin,
anthelvencin assembly
athv1 cgcl 68.47 dst1 76.44 Two-component response Regulation
regulator
athv20 cgc20 84.07 dst20 72.52 ABC transporter, Resistance
transmembrane protein
athv21 cgce21 85.26 dst21 76.35 ABC transporter, Resistance
ATP-binding protein
athv22 cgc22 73.54 dst22 61.24 Acyl-CoA synthase Congocidine, distamycin,
anthelvencin assembly
- - - dst26 - NRPS, formyltransferase Distamycin assembly
domain
- - - dst25 - NRPS, C domain, similar Distamycin assembly

with dst2
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(Figure 4B). Indeed, ADPC was used as a precursor in the chemical synthesis of anthelvencin (Witt et al.,
2011), and a recent study characterized the anthelvencin BGC from the ATCC 14583 genome sequence
and showed that chemical complementation of ADPC to the athv28 deleted ATCC 14583 stain restored
anthelvencin production (Aubry et al., 2020). Athv28 was hypothesized to catalyze the intramolecular
condensation of glutamine to ADPC (Figure 4E); however, this hypothesis has not yet been validated.
We also demonstrated that anthelvencin was not produced when athv28 was deleted from the ATCC
14585 strain, indicating that athv28 plays an important role in anthelvencin assembly (Figure 4D). The amino
acid sequence of Athv28 was highly similar to that of the EctC encoded in the ectoine BGC and structurally
important metal binding sites, substrate interacting sites, and reaction coordinating sites were well-
conserved (Figure S6B) (Czech et al., 2019). EctC is an ectoine synthase that catalyzes the intramolecular
condensation of N-gamma-acetyl-L-2,4-diaminobutyrate (ADABA) into ectoine. Furthermore, EctC is
known to accept more than one substrate and produce ADPC by cyclic condensation of glutamine as a
side reaction (Witt et al., 2011). Based on these facts, we also speculated that ADPC, which is necessary
for the production of anthelvencin, was produced by athv28 (Figure 4E). In order to identify the involvement
of Athv28 in ADPC biosynthesis in vitro, we purified Athv28 from ATCC 14583, 14584, and 14585 strains,
respectively. N-terminal (His)10-MBP-TEV tagged Athv28 proteins were successfully overexpressed in Es-
cherichia coli BL21 (DE3) RIPL strain and purified using Ni-NTA affinity chromatography, followed by treat-
ment with tobacco etch virus protease to remove the His and MBP tags from the Athv28 (Figures S46C and
S6D). Purified enzymes were subject to react with 10 mM glutamine and the amount of glutamine and ADPC
was measured using FT-ICR according to the reaction times. As a result, all three Athv28 enzymes con-
verted glutamine into ADPC, supporting that the ADPC precursor for anthelvencin is provided by
Athv28 mediated cyclic condensation of glutamine (Figure 4F).

In summary, we compared the pyrrolamide-type antibiotic BGCs in four non-S. venezuelae strains and re-
vealed that the ATCC 14583, 14584, and 14585 strains produce ADPC, the most important precursor of an-
thelvencin, using the athv28 gene, thereby producing anthelvencin. However, because of the lack of homo-
logs needed for assembling other pyrrolamide-type antibiotics, these strains could not produce netropsin,
disgocidine, and distamycin. In contrast, ATCC 21782 was identified as a netropsin producer.

DISCUSSION

Streptomyces has the potential to synthesize more than 30 secondary metabolites per species, thereby
providing an enormous resource for discovering unexplored bioactive compounds (Omura et al., 2007,
Bentley et al., 2002). Furthermore, prevalent genetic exchanges within Streptomyces strains and/or species
(McDonald and Currie, 2017) may lead to variations in secondary metabolite production, even at the strain
level (Belknap et al., 2020). The current taxonomy of Streptomyces is notably problematic, because Strep-
tomyces classifications rely on routine morphological and physiological characterizations, which often lead
to incorrect classifications of species because of the phenotypic similarity between Streptomyces species
(Kim et al., 2012). Owing to their inaccurate taxonomy, several Streptomyces strains are often undervalued
as producers of identical secondary metabolites from already known close strains (Sottorff et al., 2019). In
this respect, accurate classifications and evaluations of various streptomycetes used to produce secondary
metabolites are necessary to expand repositories for new drug discovery (Sottorff et al., 2019). Moreover,
determining phylogenetically close strains and comparing their smBGCs elucidates genetic factors
involved in secondary metabolite biosynthesis (Cho et al., 2019; Kim et al., 2020). In addition, certain Strep-
tomyces species are human or plant pathogens, such as S. sudanensis (Quintana et al., 2008) and
S. ipomoeae (Lee et al., 2015); thus, an accurate classification pipeline is required to determine Strepto-
myces taxonomy.

In this study, we verified the taxonomy of ten Streptomyces strains belonging to the S. venezuelae species,
which has garnered considerable attention as a model organism in studies on secondary metabolism and
heterologous expression (Hong et al., 2004; Phelan et al., 2017). We have utilized three different phyloge-
netic analysis methods: (1) 16S rRNA sequence-based classification, which is the conventional method for
bacterial phylogenetic analysis, (2) MALDI-TOF MS protein profile-based classification, which is a rapid and
cost-effective method for identifying microorganisms, and (3) phylogenomic analysis, which is the most
robust taxonomic method and the gold standard for species delineation. Most of the S. venezuelae strains
were classified approximately 50 years ago with uncertain criteria, and comparative studies have not been
conducted so far. Our revised taxonomy of the ten studied Streptomyces strains revealed that only ATCC
10595, 21113, and 10712 strains were determined to be S. venezuelae, whereas the remaining seven strains
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were re-classified as distinct Streptomyces species. Specifically, the genome sequences of ATCC 15439
and 15068 strains were comparable, but distinct from that of the ATCC 10712 strain. Additionally, the ge-
nomes of ATCC 14583, 14584, and 14585 strains were highly similar, but were distant from the ATCC 10712
strain. ATCC 21782 and 21018 strains were distantly related to the other strains and should be considered
as independent species. The results of phylogenomic analysis were more consistent with the MALDI-TOF
MS protein profile-based phylogeny than the 16S rRNA sequence-based phylogeny. Compared to 165
rRNA and genome sequence-based phylogenetic analysis, the MALDI-TOF MS protein profile-based clas-
sification may be considered a reasonable alternative method for the rapid and cost-effective identification
of existing Streptomyces and discovery of new Streptomyces species. For this purpose, the MALDI-TOF MS
protein profile database of various Streptomyces species must be updated routinely.

A comparison of smBGCs predicted to exist in three S. venezuelae and seven misclassified strains, followed
by an analysis of the putative products corresponding to the smBGCs using targeted LC-MS/MS, revealed
the chemical diversity between these strains. Specifically, we observed the putative production of (1) flavio-
lin, A-factor, and alkylresorcinol in the ATCC 10595, 21113, and 10712 strains; (2) neocarzilin or cyclizidine in
the ATCC 15439 and 15068 strains; (3) various secondary metabolites, including albaflavenone, isorenier-
atene, monensin, endophenazine, nenestatin, mirubactin, and purincyclamide in the ATCC 14583, 14584,
and 14585 strains; (4) netropsin in the ATCC 21782 strain; and (5) 2-methylisoborneol in the ATCC 21018
strain for the first time. As all the studied strains showed a similar growth rate to the ATCC 10712 and
ATCC 15439 strains (Figure 1B), which are known for rapid growth (Hong et al., 2004; Moore et al.,
2021), they have a strong potential to be utilized as industrial strains producing corresponding secondary
metabolites in the future.

In addition, comparative genomics of phylogenetically close non-S. venezuelae strains determine that
some essential genes for synthesizing pyrrolamide-type antibiotics, such as netropsin, disgocidine, and
distamycin, were absent in the pyrrolamide-type antibiotic BGCs of three strains (ATCC 14583, 14584,
and 14585). Therefore, these strains produced only anthelvencins (Figure S4E). The production of putative
anthelvencins in these strains was demonstrated using a targeted LC-MS/MS analysis (Figure 4C). Further-
more, we verified for the first time that the athv28 gene in the anthelvencin BGCs of the ATCC 14583, 14584,
and 14585 strains was responsible for converting glutamine to ADPC, which is an irreplaceable precursor in
anthelvencin assembly. Pyrrolamide-type antibiotics can recognize and bind to DNA minor grooves with
sequence specificity and could potentially be used as anti-infective or anti-tumor agents (Neidle, 2001).
However, owing to the toxicity of these compounds, the synthesis of numerous pyrrolamide derivatives
has attracted considerable attention (Vaijayanthi et al., 2012). Therefore, we believe that the athv28
gene can be utilized in the design of unnatural pyrrolamide structure for developing special drugs or
sequence-selective DNA probes.

Among the 243 smBGCs predicted from the ten Streptomyces strains, known as S. venezuelae species, and
matched with the known smBGCs in the MiBiG database (Table S3), only 148 smBGCs (sequence similar-
ities with >30%) (Figure 3A) were examined in this study. In addition, considering that most smBGCs are
normally not expressed under laboratory culture conditions (Walsh and Fischbach, 2010), these ten Strep-
tomyces strains are expected to produce more variable secondary metabolites than those measured in this
study. Streptomyces is one of the largest genera with more than 1,000 species described in the NCBI tax-
onomy database. A reclassification and reassessment of the currently identified Streptomyces strains to
fully evaluate their genetic potential will further detail the discovery of unexplored bioactive compounds.

Limitations of the study

59 secondary metabolites productions identified in this study are conditional on the culture media, extrac-
tion method, and instrument. In addition, considering that total 243 smBGCs were mined from the ge-
nomes of the ten Streptomyces strains, these strains are expected to produce more variable secondary me-
tabolites than those measured in this study.

SIGNIFICANCE

Current Streptomyces taxonomy contains numerous errors, which hamper expanding the repository for
secondary metabolite gene clusters. Here we have identified misclassification of S. venezuelae strains using
16S rRNA sequencing, MALDI-TOF MS protein profiling, and phylogenomics approach. Among the strains,
only three strains can be classified as S. venezuelae species and genetic potentials of remaining seven
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strains to produce secondary metabolite were highly distinct with S. venezuelae species. Especially, by
comparing secondary metabolite gene clusters of the strains, we determined anthelvencin biosynthetic
gene clusters in three strains and unexplored gene involved in anthelvencin precursor biosynthesis.
Together, this study emphasizes that accurate and reliable classification methods are needed to better un-
derstand physiology of Streptomyces and their ability to produce biologically relevant secondary
metabolites.
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Bacterial strains
Escherichia coli strain ET12567/pUZ8002 Prof. Jung-Hye. Roe. Seoul National N/A

University, South Korea
Escherichia coli strain BL21 (DE3) RIPL Agilent Technologies Cat#230240
25 Streptomyces strains (see Tables 1 and 2) American Type Culture Collection N/A

(ATCC), Korean Collection for

Type Cultures (KCTC)
Chemicals, peptides, and recombinant proteins
a-cyano-4-hydroxycinnamic acid HCCA, Bruker Daltonics Cat#NC1324132
Isopropyl B-D-1-thiogalactopyranoside (IPTG) Sigma-aldrich Cat#l6758
TEV protease NEB Cat#P8112S
Glutamate Sigma-aldrich Cat#1294976
Critical commercial assays
Wizard Genomic DNA Purification Kit Promega Cat#A1120
SMRTbell™ Template Prep Kit Pacific Biosciences Cat#100-259-100
TruSeq DNA-Free LT kit lllumina Cat#20015963
Lysozyme Sigma-aldrich Cat#L6876
Bruker Bacterial Test Standard Bruker Daltonics Cat#255343
APCI Calibration Solution AB Sciex Cat#5042914
Deposited data
Streptomyces coelicolor A3(2) genome NCBI AL645882.2
Streptomyces lividans TK24 genome NCBI CP009124.1
Streptomyces griseus NBRC 13350 genome NCBI AP009493.1
Streptomyces avermitilis MA-4680 genome NCBI BA000030.4
Streptomyces clavuligerus ATCC 27064 genome NCBI CP027858
Streptomyces tsukubaensis NRRL 18488 genome NCBI CP020700
Streptomyces aureofaciens KCTC 1086 genome NCBI CP023698
Streptomyces galilaeusKCTC 1921 genome NCBI CP023703
Streptomyces subrutilus KCTC 9045 genome NCBI CP023701
Streptomyces prasinus KCTC 9019 genome NCBI CP023697
Streptomyces alboniger KCTC 9014 genome NCBI CP023695
Streptomyces cinereoruber KCTC 9706 genome NCBI CP023693
Streptomyces filamentosus KCTC 9568 genome NCBI PDCLO0000000
Streptomyces vinaceus KCTC 9771 genome NCBI CP023692
Streptomyces chartreusis KCTC 9704 genome NCBI CP023689
Streptomyces venezuelae ATCC 10712 genome NCBI CP029197
Streptomyces venezuelae ATCC 15439 genome NCBI CP059991
Streptomyces venezuelae ATCC 21018 genome NCBI CP029189
Streptomyces venezuelae ATCC 21782 genome NCBI CP029190
Streptomyces venezuelae ATCC 15068 genome NCBI CP029194
Streptomyces venezuelae ATCC 14583 genome NCBI CP029193
Streptomyces venezuelae ATCC 14584 genome NCBI CP029192
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Streptomyces venezuelae ATCC 14585 genome NCBI CP029191

Streptomyces venezuelae ATCC 21113 genome NCBI CP029196

Streptomyces venezuelae ATCC 10595 genome NCBI CP029195

Oligonucleotides

See Table S1 Integrated DNA Technologies, N/A
Macrogen

Recombinant DNA

pJET 1.2 (CloneJET PCR Cloning Kit) ThermoFisher Scientific Cat#K1231

pCRISPomyces-2 Addgene Cat#61737

pET28a Addgene Cat#69864-3

Software and algorithms

MEGA 7.0.26
flexAnalysis 3.3
MALDI Biotyper 3 software

Hierarchical Genome Assembly Process
workflow ver 2.3

CLC Genomics Workbench

MAUVE 2.4.0
GAP5
Analyst TF 1.6

PeakView 1.2

ftmsControl 2.1

HyStar 4.1 software
DataAnalysis 4.4 program
PYANI v0.2.9

antiSMASH 5.0

BLASTp

(Kumar et al., 2016)
Bruker Daltonics
Bruker Daltonics

(Chin et al., 2013)

CLC Bio

(Darling et al., 2004)
(Bonfield and Whitwham, 2010).
AB Sciex

AB Sciex

Bruker Daltonics

Bruker Daltonics
Bruker Daltonics
(Pritchard et al., 2016)
(Blin et al., 2019)

NCBI

https://www.megasoftware.net/
N/A
N/A

https://www.pacb.com/products-and-

services/analytical-software/smrt-analysis/

https://www.qgiagen.com/us/products/
discovery-and-translational-research/
next-generation-sequencing/informatics-
and-data/analysis-and-visualization/clc-

genomics-workbench/
http://darlinglab.org/mauve/download.html
https://www.sanger.ac.uk/tool/gap5/

https://sciex.com/products/software/

analyst-tf-software

https://sciex.com/products/software/

peakview-software

https://bruker-compass-ftmscontrol.

software.informer.com/

N/A

N/A
https://github.com/widdowquinn/pyani/releases

https://antismash.secondarymetabolites.
org/#!/start

https://blast.ncbi.nlm.nih.gov/Blast.cgi

Other

UltrafleXtreme MALDI-TOF mass spectrometer
equipped with a SmartBeam-Il Na:YAG laser

Covaris

PacBio SMRT cells with P6-C4-chemistry
lllumina HiSeq 2500

lllumina MiSeq v.2

TripleTOF 5600

ACQUITY UPLC™ system

ACQUITY BEH Shield RP18 column
ACQUITY HSS T3 column

Bruker Daltonics

Covaris Inc.

Pacific Biosciences
lllumina

lllumina

AB Sciex

Waters

Waters

Waters

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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15 Tesla FT-ICR MS Bruker Daltonics N/A
Spectra/Por Float-A-Lyzer Sigma-aldrich N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Byung-Kwan Cho (bcho@kaist.ac.kr).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® The genome sequence datasets used in this study are available at NCBI database (accession numbers
are listed in Key resources table).

® This manuscript does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and culture media

Ten S. venezuelae strains were purchased from the American Type Culture Collection (ATCC, Manassas,
VA), whereas the other 15 streptomycetes used in this study were purchased from the Korean Collection
for Type Cultures (KCTC, Daejeon, South Korea). For initial propagation, we first streaked freeze-dried cells
on ISP2 agar medium (yeast extract 4 g, malt extract 10 g, glucose 4 g, agar 20 g, and distilled water 1 L). A
single colony of each strain was inoculated into 50 mL ISP2 medium with 8 g of glass beads (3 + 0.3 mm
diameter) in 250 mL of a baffled flask, and grown at 30°C in a shaking incubator at 220 rpm. This culture
condition was used for all liquid cultures in this study. Cell stocks were prepared with 50% glycerol and
then stored at —80°C. For morphology check, cells were grown on MYM agar medium (yeast extract 4 g,
malt extract 10 g, maltose 4 g, agar 20 g, and distilled water 1 L) at 30°C. For the genome sequencing, strep-
tomycetes were grown in one of four different culture media, R5(-), 1 X sporulation, YEME, and MYM me-
dium, which were generally used for Streptomyces culture (Lee et al., 2020). R5(-) medium is composed of
25 MM TES (pH 7.2), 103 g/L sucrose, 1% (w/v) glucose, 5 g/L yeast extract, 10.12 g/L MgCl,-6H,0, 0.25 g/L
K2SQOy, 0.1 g/L casamino acids, 0.08 g/L ZnCI2, 0.4 mg/L FeCls, 0.02 mg/L CuCl,-2H,0, 0.02 mg/L
MnCl,-4H,0, 0.02 mg/L NayB4O;+10H,0, and 0.02 mg/L (NH4)sMo70,4-4H,0). 1 X sporulation medium
is composed of 3.33 g/L glucose, 1 g/L yeast extract, 1 g/L beef extract, 2 g/L tryptose, and 0.006 g/L FeS-
Q4-7H20). YEME medium is composed of 340 g/L sucrose, 10 g/L glucose, 3 g/L yeast extract, 5 g/L bacto
peptone, and 3 g/L oxoid malt extract. MYM medium is composed of 4 g/L maltose, 4 g/L yeast extract, and
10 g/L malt extract.

METHOD DETAILS

16S rRNA sequence-based phylogenetic analysis

For phylogenetic analysis, 165 rRNA sequences of 25 Streptomyces were downloaded from the NCBI data-
base (Table 2). 16S rRNA gene sequences of eight S. venezuelae strains out of 25 were verified using PCR
and Sanger sequencing method (Figure S1). 16S rRNA regions were PCR amplified from the genomic DNA
(gDNA) samples and cloned into the pJET 1.2 vector using the CloneJET PCR Cloning Kit (Thermo, Wal-
tham, MA) following the manufacturer’s instructions. Sanger sequencing of the amplified sequences was
conducted using both pJET 1.2 universal forward and reverse primers (Table S1). All 16S rRNA sequences
were aligned based on the CLUSTAL W algorithm using MEGA 7.0.26 (Kumar et al., 2016). A phylogenetic
tree was constructed using the maximum-likelihood method with the Kimura 2-parameter model and ‘Use
all sites’ mode. To evaluate the phylogeny, the bootstrap method was used with n = 1000.
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MALDI-TOF MS protein profile-based phylogenetic analysis

For sample preparation, the conventional formic acid extraction method was used in this study (Lee et al.,
2017). Briefly, 25 streptomycetes, cultivated in ISP2 media for 16 h at 37°C, were placed and pelleted in mi-
crotubes, and then resuspended in 25 pL of 70% (v/v) formic acid. One equivalent of acetonitrile was added
to the suspension. After gentle mixing, the solution was centrifuged at 15,871 g for 2 min at 4°C, and the
supernatant containing bacterial protein extracts was transferred to a clean vial for MALDI MS analysis.
Acquisition of microbial protein profiles was performed on an ultrafleXtreme MALDI-TOF mass spectrom-
eter equipped with a SmartBeam-Il Na:YAG laser (355 nm, Bruker Daltonics, Billerica, MA) operating in
linear and positive ion modes (Jang et al., 2017). Bacterial extracts were spotted on a MALDI target fol-
lowed by a-cyano-4-hydroxycinnamic acid (HCCA, Bruker Daltonics) matrix solution (i.e., 10 mg/mL in
50% acetonitrile/47.5% water/2.5% trifluoroacetic acid (v/v/v), 1 pL). After air drying the samples at room
temperature, the samples were subjected to MALDI MS analysis. The instrument was externally calibrated
using a bacterial test standard (Bruker Daltonics) solution prior to sample analysis. Mass spectra of the col-
onies were acquired from 1000 laser shots per spot for each strain. The MS spectra of each strain were ob-
tained using flexAnalysis 3.3 (Bruker Daltonics) in biological duplicates and technical triplicates, and then
integrated into the main spectrum profiles (MSPs) using the MALDI Biotyper 3 software (Bruker Daltonics).
A dendrogram of 25 Streptomyces strains was created from the MSPs using Euclidean and average. Ac-
cording to the guidelines of the vendor, a score of > 2 depicts identification to the species level and an
intermediate log score between < 2 and > 1.7 for identification to the genus level. A low score of < 1.7
was regarded as unreliable for identification.

Genome sequencing, assembly, and annotation

Among the 25 streptomycetes genomes studied, 21 genomes were reported in our previous study (Lee
et al., 2020), except S. coelicolor A3(2), S. lividans TK24, S. griseus NBRC 13350, and S. avermitilis MA-
4680. For gDNA extraction, 25 mL of the streptomycetes cultures were harvested at exponential growth
and washed twice with 10 mM EDTA. After lysozyme treatment (10 mg/mL) at 37°C for 45 min, gDNA
was extracted using the Wizard Genomic DNA Purification Kit (Promega, Madison, NJ). Extracted gDNA
was sequenced using a hybrid strategy exploiting both long-read and short-read genome sequencing
methods. PacBio genome-seq libraries were prepared using SMRTbell™ as per the manufacturer’s proto-
col and sequenced using SMRT cells with P6-C4-chemistry (DNA Sequencing Reagent 4.0; Pacific Biosci-
ences, Menlo Park, CA). The PacBio sequencing reads were filtered and assembled using the Hierarchical
Genome Assembly Process workflow (version 2.3; Pacific Biosciences). For lllumina short-read sequencing
libraries, gDNA was fragmented into approximately 350 bp size using Covaris (Covaris Inc., Woburn, MA),
followed by library construction using TruSeq DNA-Free LT kit (Illumina, La Jolla, CA). Twenty-one libraries
were sequenced with the HiSeq 2500 (lllumina) with a 100 bp single-read running scale, except for
S. tsukubaensis, which was sequenced with the MiSeq v.2 (Illumina) with a 50 bp single-read recipe. Illlumina
sequencing reads were assembled using the de novo assembly function of CLC Genomics Workbench
(CLC Bio, Aarhus, Denmark) by default setting. Assembled Illumina contigs were aligned with the PacBio
contigs using MAUVE 2.4.0 and linked PacBio contigs and/or extended 5" and/or 3’ using GAP5 program
(Staden package) (Bonfield and Whitwham, 2010). Twenty-one complete genomes were annotated by the
NCBI Prokaryotic Genome Annotation Pipeline (PGAP) version 4.5 (Haft et al., 2018). Entire genome se-
quences are available at NCBI under the accession numbers listed in Key resources table.

Targeted LC-MS/MS analysis for putative secondary metabolite measurement

Secondary metabolite production in S. venezuelae strains was identified using a TripleTOF 5600 System, a
hybrid triple quadrupole TOF mass spectrometer (AB Sciex, Framingham, MA) coupled with an ACQUITY
UPLC™ system (Waters, Milford, MA). The extracts (2-5 uL of each) were separated on an ACQUITY BEH
Shield RP18 column (1.7 um, 2.1 x 100 mm) at a flow rate of 200 pL/min at 30°C. The gradient was estab-
lished using mobile phase A (0.1% formic acid in water) and mobile phase B (0.1% formic acid in acetoni-
trile): 5% B for 2.5 min, 5-60% B for 10.5 min, ramping up to 95% B and holding for 4 min, and back to 5% B
for 3 min for column conditioning. The eluent was introduced into the TripleTOF MS through a DuoSpray
ion source with an electrospray potential of 4.5 kV for positive ion mode. The optimal conditions for tar-
geted MS and MS/MS spectra were as follows: source temperature of 500°C, nebulizer gas (GS1 and
GS2) of 50 psi, and declustering potential and collision energy of 60 V and 25 + 15V, respectively. The
full scan and product ion scan ranges were set from 50 to 1,000 m/z. Mass calibration in MS and MS/MS
modes was performed after every five injections with a set of standards (APCI Calibration Solution, AB
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Sciex) to ensure accuracy during the LC-MS/MS analysis. Data acquisition and processing were managed
using Analyst TF 1.6 and PeakView 1.2 software.

Determination of anthelvencin production using high-resolution FT-ICR MS

For determining anthelvencin production of ATCC 14583, 14584, and 14585 strains, a 15 Tesla FT-ICR MS
(solariX XR™ system, Bruker Daltonics) equipped with a standard ES| interface was used with the contin-
uous accumulation of selected ions (CASI) function in positive ion mode (Q1 mass of m/z 400 and an isola-
tion window of 350 Da). Chromatographic separation of anthelvencin was performed as a putative second-
ary metabolite. The eluent that came from the ACQUITY UPLC system was introduced into the 15T FT-ICR
MS to acquire high-resolution MS and MS/MS spectra in positive ion mode. The MS parameters for ESI(+)
FT-ICR MS were a drying gas of 6 L/min, a drying gas temperature of 220°C, a skimmer voltage of 45V, a
collision gas energy of —3.0V, an accumulation time of 400 ms, a transient length of 2.73 s, a scan number of
1, and an acquisition size of 2 MB with a sine-bell apodization window function applied to the time-domain
signal. External calibration was performed with linear regression using a 100 ng/mL NaTFA solution. Data
acquisition was controlled using the ftmsControl 2.1 and HyStar 4.1 software (Bruker Daltonics), and data
processing for the selection of molecular features was performed using the DataAnalysis 4.4 program
(Bruker Daltonics).

Disruption of anthelvencin BGC-encoded genes using CRISPR/Cas9 system

Dual-guide RNA cassettes were designed and cloned into the Bbsl site of the pCRISPomyces-2 vector
following the established protocol (Cobb et al., 2015). For the homologous arm, 1 kb downstream and up-
stream region of each athv10, athv15, athv19, and athv28 were PCR amplified from the gDNA of ATCC
14585 strain to have 30 bp overlap at the junction of fragments. The two fragments were linked by overlap-
ping extension PCR and were cloned into the Xbal site of the pCRISPomyces-2 vector, followed by trans-
formation into the methylation-deficient Escherichia coli strain ET12567/pUZ8002 (MacNeil et al., 1992).
Demethylated vectors were introduced into the ATCC 14585 strain through intergeneric conjugation
(Kieser et al., 2000). Several transformants were cultured at 30°C for 2 days on MYM solid media containing
50 pg/mL of apramycin. The transformants were moved to the MYM solid media without apramycin and
cultured at 37°C for vector curing. Finally, gDNA of each transformant was isolated using a Wizard Genomic
DNA Purification Kit (Promega), and gene deletion was verified using PCR. The sequences of all oligonu-
cleotides used in this study are listed in the Table S1.

Expression and purification of Athv28

The genes encoding Athv28 of ATCC 14583, 14584, and 14585 strains were codon optimized for E. coli K
strain and synthesized at Integrated DNA Technologies (IDT, Coralville, IA) (Table S1). The synthesized
genes were cloned into the pET28a plasmid that was modified to tag the protein with N-terminal (His)o-
linked MBP and expressed in the E. coli BL21 (DE3) RIPL strain. The expression strains were cultured in
1L LB medium at 37°C for 4 h after induction with 0.5 mM IPTG. Cells were harvested using centrifugation
at 10,000 xg at 4°C for 10 min and resuspended in a lysis buffer containing 20 mM Tris-HCI (pH 8.0) and
300 mM NaCl. After sonication on ice, cell lysates were collected using centrifugation at 10,000 xg at
4°C for 10 min. Proteins were purified from the cell lysates using Ni-NTA affinity chromatography. To re-
move the N-terminal tag from the proteins, 1.5 mg TEV protease was added to purified proteins at 4°C
for 16 h, followed by Ni-NTA affinity chromatography. Final proteins were dialyzed against lysis buffer using
a Spectra/Por Float-A-Lyzer (3 mL, 8-10 kDa MWCO).

In vitro assay with Athv28 and measuring the ADPC

In vitro assays were performed in 100 pL volume containing 10 pg of purified Athv28 enzyme, 10 mM gluta-
mine, 20 mM Tris-HCI (pH 8.0), and 300 mM NaCl. Ten microliters of reaction mixture were harvested at O h,
3 h, and 6 h of incubation time at 30°C and mixed with 100 pL of methanol to quench the reaction. After
incubation at -80°C for 2 h, 100 puL of the supernatant was collected using centrifugation at 13,000 xg at
4°C for 10 min and diluted with 200 pL distilled water. ADPC and glutamine levels were measured using
ESI(+) FT-ICR MS and an ACQUITY UPLC™ system with an ACQUITY HSS T3 column (1.8 um, 2.1 x
100 mm, Waters) after injecting 2 uL of each sample. Chromatographic separation of ADPC and glutamate
was performed as follows. The column was maintained at 25°C, and the mobile phase consisted of water
containing 0.1% formic acid (solvent A) and acetonitrile containing 0.1% formic acid (solvent B). The solvent
gradient started with 5% B for 0.5 min, followed by a linear increase of 5%-70% B from 0.5-5 min, ramped up
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to 98% B, held at 98% B for 3 min, returned to 5% B, and finally held for 3.0 min at a flow rate of 200 pL/min.
The effluent was monitored with 15T FT-ICR MS. The MS parameters of the FT-ICR MS were the same as
those for the anthelvencin measurement, except for the CASI function (Q1 mass of m/z 160 and an isolation
window of 100 Da) and a skimmer voltage of 15 V.

QUANTIFICATION AND STATISTICAL ANALYSIS

A phylogenetic tree of 16S rRNA sequences was constructed using the maximum-likelihood method with
the Kimura 2-parameter model and 'Use all sites’ mode. To evaluate the phylogeny, the bootstrap method
was used with n = 1000. For phylogenetic analysis of genome sequences, the MUMmer ultra-rapid aligning
tool (ANIm) values between 25 genome sequences were calculated using PYANI v0.2.9. The MALDI-TOF
MS spectra were obtained using flexAnalysis 3.3 (Bruker Daltonics) in biological duplicates and technical
triplicates, and then integrated into the main spectrum profiles (MSPs) using the MALDI Biotyper 3 software
(Bruker Daltonics). A dendrogram of 25 Streptomyces strains was created from the MSPs using Euclidean
and average. According to the guidelines of the vendor, a score of > 2 depicts identification to the species
level and an intermediate log score between < 2 and >1.7 for identification to the genus level. A low score
of < 1.7 was regarded as unreliable for identification. For targeted LC-MS/MS analysis, mass calibration in
MS and MS/MS modes was performed after every five injections with a set of standards (APCI Calibration
Solution, AB Sciex) to ensure accuracy during the LC-MS/MS analysis. Data acquisition and processing
were managed using Analyst TF 1.6 and PeakView 1.2 software. For anthelvencin measurement by FT-
ICR MS, external calibration was performed with linear regression using a 100 pg/mL NaTFA solution.
Data acquisition was controlled using the ftmsControl 2.1 and HyStar 4.1 software (Bruker Daltonics),
and data processing for the selection of molecular features was performed using the DataAnalysis 4.4 pro-
gram (Bruker Daltonics).
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