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Introduction

Secondary metabolites produced by actinomycetes, other 
eubacteria, and fungi have had an enormous impact on the 
discovery, development, manufacturing, and commerciali-
zation of compounds for human medicine, animal health, 
and plant crop protection [20, 28, 51]. However, the pro-
ductivity of the natural product discovery process began to 
decline in the 1980s, largely because of the costly nature 
of the process which had already harvested the “low hang-
ing fruit” [3, 4]. Since the numbers of microbes capable of 
producing particular secondary metabolites are distributed 
in a quasi-exponential fashion in soils sampled over the 
past many decades, ranging in frequency over six orders of 
magnitude [3, 4], a major confounding issue is the redis-
covery and dereplication of known secondary metabolites 
that are produced in relatively high frequencies among 
actinomycetes. Another issue is that secondary metabolites 
are produced in quantities that range over several orders of 
magnitude, and the most abundantly produced compounds 
can mask the activities of the less abundant compounds. 
Furthermore, it has been known for decades in the pharma-
ceutical industry that expression of secondary metabolite 
pathways is media dependent [31, 79, 81], and more recent 
genomic studies indicate that many secondary metabolite 
biosynthetic gene clusters are not expressed in sufficient 
quantities for detection under standard fermentation con-
ditions [12, 15, 18, 50]. Genome mining addresses all of 
these issues by bypassing fermentation, pathway expres-
sion, compound dereplication, and screening for desired 
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activities, and by focusing on the potential novelty of 
secondary metabolite pathways by comparative bioinfor-
matic analyses [13]. Candidate new and novel pathways 
and their encoding strains become focal points for expres-
sion studies as outlined in other reviews [1, 6, 8, 9, 29, 
41, 43, 54, 83, 89]. In this report, I present evidence that 
a combination of 24 diverse MbtH homolog sequences 
can be used as a multiprobe to identify gifted actinomy-
cetes and to predict the potential novelty of cryptic NRPS 
biosynthetic gene clusters without extensive editing and 
annotation of the complete gene clusters. Thus it can be 
coupled with low pass DNA sequencing to prioritize indi-
vidual strains, pools of strains, and metagenomic libraries 
to identify those that merit further more intensive study for 
drug discovery.

Materials and methods

BLASTp analysis [2] was carried out on the National 
Center for Bioinformatic Information (NCBI) server 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The 24-mer MbtH 
probe was constructed by excising 60 amino acid segments 
from 24 MbtH protein sequences starting at position three 
N of the conserved NPF relative to DptG and ending at the 
conserved S at position 62 (see [9] for alignments of typi-
cal MbtH proteins). This region encompasses the most con-
served region between MbtH homologs. The 60 amino acid 
segments were lined up (ligated) in silico to generate the 
MbtH 24-mer multiprobe.

Results

Gifted microbes

With the emergence of genome mining as a new approach 
to enhance the discovery of new secondary metabolites 
from microorganisms, it will become increasingly impor-
tant to focus DNA sequencing resources on the most 
promising phylogenetic groups and individual species. 
That raises the question of how to identify such groups 
and the most metabolically gifted individuals within 
groups. When we think of Homo sapiens, it is relatively 
easy to identify gifted individuals. Albert Einstein and the 
1992 US Olympic basketball team (the “Dream Team”) 
are two examples, although they represent very different 
types of talents. Likewise, there are many types of gifted 
strains within the microbial world. However, only a small 
subset of microbes have the capability to produce second-
ary metabolites with potential applications in human med-
icine, animal health, and crop protection [4, 5, 9, 21, 88], 
and most of these are cultivatable cosmopolitan bacteria 

with relatively large genomes. Within this subset, there 
will be a distribution gifted, average, and not-so-gifted 
(metabolically challenged) strains as will be discussed in 
more detail below.

So how can we define gifted microorganisms? A good 
starting point is to examine the historical record. There 
are many important secondary metabolites, and their prop-
erties and uses have been reviewed [20, 28, 51]. Table  1 
shows a list of 60 secondary metabolites produced by 
microorganisms selected because of their importance pri-
marily to human medicine, animal health, or crop protec-
tion; a few are included that are important research tools 
that have aided the discovery process. Three things are 
apparent from examination of this list: (1) actinomycetes 
have provided the majority of important secondary metab-
olites (77 %); (2) among the actinomycetes, Streptomyces 
species account for 76 %; and (3) >60 % of the compounds 
are produced by NRPS, PKS, or mixed NRPS–PKS mech-
anisms. It has been observed from whole genome sequenc-
ing that actinomycetes with large genomes encode mul-
tiple, but variable numbers of NRPS, PKS, and mixed 
NRPS–PKS pathways [9, 10,  19, 21, 33, 50, 55, 57, 65, 
87]. So with the advent of rapid, low-cost DNA sequenc-
ing, how can we identify the most gifted species within 
groups such as the actinomycetes before expending sub-
stantial resources on the pathway expression, fermenta-
tion, isolation, and characterization of new molecules 
related to known secondary metabolites, or novel mol-
ecules that can serve as scaffolds for future medicinal 
chemical or combinatorial biosynthetic modification for 
product development?

Whole genome sequencing and finishing has been used 
to identify and annotate many cryptic secondary metab-
olite gene clusters [e.g., see 21, 33, 50, 55, 57, 65, 87]. 
However, this approach is expensive, and not feasible for 
large-scale analysis of thousands to millions of microbes 
in a timeframe compatible with pharmaceutical and agri-
cultural discovery and product development. What is 
needed is a methodology that can sort through very large 
numbers of microbes with inexpensive low-pass sequenc-
ing to identify the potentially gifted strains for focused 
discovery research.

MbtH (DptG) homologs as beacons for gifted strains 
encoding multiple NRPS gene clusters

NRPS and PKS genes per se are not ideal as general probes 
to identify related and novel gene clusters because of their 
large size, and sequence similarities in modular domains 
that confound correct assemblies with low pass sequencing. 
Ideal probes would be small genes or gene fragments asso-
ciated with NRPS or PKS clusters that can: (1) predict the 
number of gene clusters; (2) identify gene clusters related 
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Table 1   Microbial sources of important secondary metabolites

Secondary metabolite Biosynthetic origin Major use Producing organism Type of organism

Acarbose Glycoside Antidiabetic (HM) Actinoplanes sp. Actinomycete

Actinomycin NRPS Antitumor (HM) Streptomyces anulatus Actinomycete

Adriamycin PKS II Antitumor (HM) Streptomyces peucetius Actinomycete

Amphotericin B PKS I Antifungal (HM) Streptomyces nodosus Actinomycete

Apramycin Aminoglycoside Research tool Streptoalloteicus hindustanus Actinomycete

Ascomycin NRPS-PKS I Immunomodulator (HM) Streptomyces hygroscopicus Actinomycete

Avermectin PKS I Anthelmintic (HM, AH) Streptomyces avermitilis Actinomycete

Bialaphos NRPS Herbicide (CP) Streptomyces viridochromogenes Actinomycete

Bleomycin NRPS-PKS Antitumor (HM) Streptomyces verticillus Actinomycete

Calcimycin (A23187) PKS I Research tool Streptomyces chartreusis Actinomycete

Capreomycin NRPS Antitubercular (HM) Saccharothrix mutabilis Actinomycete

Cephalosporin C NRPS Antibacterial (HM) Cephalosporium acremonium Fungus

Chloramphenicol Shikimate modification Antibacterial (HM) Streptomyces venezuelae Actinomycete

Clavulanic acid Other Antibacterial (HM) Streptomyces clavuligerus Actinomycete

Compactin PKS Cardiovascular (HM) Penicillium brevicompactum Fungus

Cyclosporin A NRPS Immunomodulator (HM) Tolypocladium inflatum Fungus

d-Cycloserine Other Antitubercular (HM) Streptomyces lavendulae Actinomycete

Daptomycin NRPS Antibacterial (HM) Streptomyces roseosporus Actinomycete

Dalbavancin NRPS Antibacterial (HM) Nonomuraea sp. Actinomycete

Daunorubicin PKS II Antitumor (HM) Streptomyces peucetius Actinomycete

Echinocandin B NRPS Antifungal (HM) Aspergillus nidulans Fungus

Epothilone NRPS-PKS I Anti-tumor (HM) Sorangium cellulosum Myxobacteria

Ergometrine Ergoline alkaloid Cardiovascular (HM) Claviceps purpurea Fungus

Erythromycin PKS I Antibacterial (HM) Saccharopolyspora erythraea Actinomycete

Fusidic acid Terpine Antibacterial (HM) Fusidium coccineum Fungus

Gentamicin Aminoglycoside Antibacterial (HM) Micromonospora purpurea Actinomycete

Hygromycin Aminoglycoside Research tool (AH) Streptomyces hygroscopicus Actinomycete

Kanamycin Aminoglycoside Antibacterial (HM) Streptomyces kanamyceticus Actinomycete

Lincomycin Other Antibacterial (HM) Streptomyces lincolnensis Actinomycete

Lipiarmycin (fidaxomicin) PKS I Antibacterial (HM) Dactylosporangium aurantiacum Actinomycete

Lipstatin Fatty acyl-lactone Antiobesity (HM) Streptomyces toxytricini Actinomycete

Lovastatin PKS Cardiovascular (HM) Aspergillus terreus Fungus

Mitomycin C Quinone Antitumor (HM) Streptomyces lavendulae Actinomycete

Monensin PKS I Coccidiostat (AH) Streptomyces cinnamonensis Actinomycete

Mycophenolic acid PKS Immunomodulator (HM) Penicillium brevicompactum Fungus

Narasin PKS I Coccidiostat (AH) Streptomyces aureofaciens Actinomycete

Nisin Ribosomal peptide Food preservative Lactococcus lactis Lactobacillales

Nystatin PKS I Antifungal (HM) Streptomyces noursei Actinomycete

Oxytetracycline PKS II Antibacterial (HM) Streptomyces rimosus Actinomycete

Paclitaxel Isoprenoid Antitumor (HM) Several endophytic fungi Fungus

Penicillin NRPS Antibacterial (HM) Penicillium chrysogenum Fungus

Phosphomycin Phosphone Antibacterial (HM) Streptomyces wedmorensis Actinomycete

Pneumocandin NRPS Antifungal (HM) Glarea lozoyensis Fungus

Polymyxin B and E NRPS Antibacterial (HM) Paenibacillus polymyxa Bacillales

Pristinamycin IA NRPS Antibacterial (HM) Streptomyces pristinaespiralis Actinomycete

Pristinamycin IIA NRPS-PKS I Antibacterial (HM) Streptomyces pristinaespiralis Actinomycete

Rapamycin NRPS-PKS I Immunomodulator (HM) Streptomyces hygroscopicus Actinomycete

Rifamycin PKS I Anti-tubercular (HM) Amycolatopsis mediterranei Actinomycete
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to known pathways; and (3) predict novel secondary meta-
bolic pathways. For NRPS pathways, the mbtH superfamily 
may provide the solution [9]. The mbtH gene, the founding 
member of a large superfamily, is located in the mycobactin 
biosynthetic gene cluster in M. tuberculosis, and encodes a 
small protein of 70 amino acids [63]. The dptG gene is a 
mbtH homolog found in the daptomycin biosynthetic gene 
cluster [47], and it was used to analyze the prevalence of 
mbtH (dptG) homologs in microbial groups [9]. MbtH pro-
teins have been shown to facilitate adenylation reactions [9, 
19, 30, 86], and single mbtH(dptG)-like genes are associ-
ated with most of the important functional NRPS pathways, 
including those for vancomycin, teicoplanin, dalbavancin, 
daptomycin, pristinamycin, and capreomycin [9]. mbtH 
homologs are not observed in all pathways that use NRPS 
mechanisms; for example, they are missing in beta-lactam 
and rubradirin biosynthetic gene clusters. In the latter case, 
the MbtH-like function is provided by a different type of 
protein fused upstream of the A-PCP bi-domain in RubC1 
[14].

MbtH homologs have the important feature of having 
orthologous functions within similar biosynthetic pathways 
(e.g., the glycopeptides vancomycin, balhimycin, teico-
planin, and dalbavancin), but paralogous functions in dis-
similar pathways [9]. This is not surprising, since MbtH 
homologs interact with different (paralogous) adenylation 
domains in different NRPS pathways. The small size of 
mbtH paralogs (generally 186–240  bp), makes incorrect 
assembly by low-pass sequencing highly unlikely.

Correlation between mbtH (dptG) homologs and NRPS 
gene clusters in actinomycetes

Because of the evolutionary relatedness of mbtH orthologs 
and paralogs, the number of mbtH-like genes per microbial 

genome can be accurately counted by BLASTp analysis 
[9]. Figure 1 shows the relationship between MbtH (DptG) 
hits and annotated NRPS gene clusters in several finished 
actinomycete genomes. Although the correlation is not 
strictly 1:1, it is close enough to use the number of MbtH 
hits as a surrogate to rank strains for NRPS gene cluster 
abundance.

Distribution of mbtH (dptG) homologs in actinomycetes 
and other microorganisms with different genome sizes

Microbes with small genomes generally have little capac-
ity to produce complex secondary metabolites by NRPS 
or PKS mechanisms, and they lack significant num-
bers of NRPS and PKS genes [5, 21]. Furthermore, 
they lack meaningful numbers of mbtH homologs [9]. 
Among these, the Archaea are devoid of mbtH homologs 
and NRPS genes. Among the bacterial groups, the 
Bacteroidetes/Chlorobi and Firmicutes are nearly devoid 
of mbtH (dptG) homologs. The exception among the Fir-
micutes is the Bacillales, where mbtH homologs are found 
primarily in Bacillus species at a prevalence of 0.4 per fully 
sequenced strain. However, no mbtH genes were observed 
in the sequenced genomes of Clostridia, Lactobacillales 
or Molecutes. Within the Proteobacteria, mbtH genes are 
most prevalent within the beta and gamma groups at preva-
lences of 0.6 and 0.4 per sequenced genome, primarily in 
cosmopolitan Burkholderia and Pseudomonas species, 
respectively. mbtH genes are most prevalent within the Act-
inobacteria (~1 per sequenced genome), where the highest 
prevalence is within the streptomycetes (~3 per sequenced 
genome) [9].

Figure  2 shows the distribution of mbtH(dptG) 
homologs among actinomycetes with different genome 
sizes, ranging from 3 to 11  MB [9]. There is a rough 

Table 1   continued

Secondary metabolite Biosynthetic origin Major use Producing organism Type of organism

Sinefungin Nucleoside Research tool Streptomyces griseolus Actinomycete

Spinosyns PKS I Insecticidal (CP) Saccharopolyspora spinosa Actinomycete

Staurosporine (aglycone) Alkaloid (Antitumor) Streptomyces staurosporeus Actinomycete

Streptomycin Aminoglycoside Anti-tubercular (HM) Streptomyces griseus Actinomycete

Streptozotocin Glucosamine-nitrosourea Antitumor Streptomyces achromogenes Actinomycete

Tacrolimus (FK-506) NRPS-PKS I Immunomodulator (HM) Streptomyces tsukubaensis Actinomycete

Teicoplanin NRPS Antibacterial (HM) Actinoplanes teichomyceticus Actinomycete

Tetracycline PKS II Antibacterial (HM) Streptomyces rimosus Actinomycete

Thienamycin Other Antibacterial (HM) Streptomyces cattleya Actinomycete

Tobramycin Aminoglycoside Antibacterial (HM) Streptoalloteicus hindustanus Actinomycete

Tunicamycin Nucleoside Research tool Streptomyces chartreusis Actinomycete

Tylosin PKS I Antibacterial (AH) Streptomyces fradiae Actinomycete

HM human medicine, AH animal health, CP crop protection
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correlation between the number of mbtH homologs and 
genome size, but the degree of scatter indicates a wide dis-
parity between different strains, including those with the 
largest genomes. For example, although the streptomy-
cetes have genomes ranging from 6.6 to 11 MB, and aver-
aging ~3 mbtH homologs per strain, the number of mbtH 
homologs range from 0 (Streptomyces sviceus; genome 
size  =  9.1  MB) to 7 (Streptomyces griseus; genome 
size  =  8.5  MB). It is clear that some actinomycetes are 
gifted (6–7 mbtH homologs), many are average (2–4 
mbtH homologs), and many are not-so-gifted (0–1 mbtH 
homologs). Having a large genome is important, but not 
sufficient to achieve gifted status.

Orthologs, paralogs, and MbtH homology codes

It has been shown that MbtH homologs within the gly-
copeptide pathways for vancomycin, balhimycin, teico-
planin, and dalbavancin, which are produced by diverse 
actinomycete genera, show 77–88  % amino acid iden-
tities, similar to the level of amino acid identities for 
conserved orthologous primary metabolic proteins [9]. 
Furthermore, analysis of the ratios of non-synonymous 
amino acid substitutions to synonymous substitutions 
(dN/dS = 0.5) indicated that these proteins are orthologs 
[9]. In contrast, other MbtH homologs encoded by unre-
lated NRPS pathways showed lower amino acid iden-
tities and dN/dS ratios of  ~  1.0, indicating that they are 
paralogs [9]. This dichotomy provides predictive probes 
for BLASTp (and BLASTn) analysis to sort NRPS clus-
ters into: (1) known characterized pathways; (2) path-
ways related to known characterized pathways; (3) 

known but uncharacterized pathways; and (4) unknown, 
novel pathways. Since the MbtH proteins are small (usu-
ally 65–75 amino acids), and have a core 60 amino acids 
that show the most conservation across orthologs and 
paralogs, multiple diverse MbtH 60-mers can be ligated 
(electronically) to generate a multiprobe for BLASTp 
analysis of individual MbtH homologs, whole genomes, 
or pools of whole genome sequences. In principle, each 
type of MbtH homolog should give a different pat-
tern of homologies to the individual MbtH homologs 
in the multiprobe. To test this concept, 24 individual 
MbtH 60-mers were fused (see Table  2), and the multi-
probe was used to carryout BLASTp analyses. Figure  3 
shows an example of the BLASTp readout for S. griseus. 
The degree of sequence similarity is expressed by color 
(pink > green > blue > black) which can be converted into 
numerical codes (3 > 2 > 1 > 0).

MbtH codes for MbtH homologs from characterized 
secondary metabolite pathways

Table 3 shows the MbtH codes generated by BLASTp with 
the MbtH multiprobe against MbtH homologs encoded by 
well-characterized secondary metabolite biosynthetic gene 
clusters that employ NRPS mechanisms for assembly.

It is noteworthy that MbtH codes for highly related bio-
synthetic pathways are identical or nearly identical. For 
instance, the related glycopeptides vancomycin, balhimy-
cin, and dalbavancin have identical codes that differ only 
at position 7 from another related glycopeptide (teico-
planin), even though these glycopeptides are produced 
by species from three different actinomycete genera. The 
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Fig. 1   Correlation between the numbers of mbtH homologs 
and NRPS gene clusters in actinomycetes. The number of mbtH 
homologs was determined by BLASTp analysis and shown in () for 
the complete, fully annotated genomes of Streptosporangium roseum 
(7), Actinosynnema mirum (7), Streptomyces griseus (7), Amyco-

latopsis mediterranei (6), Saccharopolyspora erythraea (3), Salin-
ispora arenicola (3) Streptomyces avermitilis (3), Streptomyces sca-
biei (3), Streptomyces coelicolor (2), Saccharomonospora viridis (2), 
Micromonospora aurantiaca (1), and Thermobispora bispora (0). 
Data from [9]
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quinomycins from three different Streptomyces species 
have identical codes that differ in only two positions (9 and 
10) from the related thiocoraline from a Micromonospora 
species. The lipopeptides daptomycin, CDA, A54145, and 
friulimicin, which have ten-membered rings with simi-
lar stereochemistry, but differ substantially in amino acid 
sequence, have related codes, but the structurally related 
laspartomycin has a totally different code, suggesting that 
its MbtH homolog may have a very different function in 
the producing strain.

The uridylpeptides pacidamycin, sansanmycin, and 
napsamycin have very distinct and highly related codes, 
as do those for bleomycin and the structurally related 
tallysomycin and zorbamycin. The mbtH genes from the 
bleomycin-like pathways are substantially larger than 
average, and will be discussed in more detail below. 
In contrast, although capreomycin and viomycin have 

similar structures [23, 71], their MbtH codes differ sub-
stantially. This may be a reflection of the mechanistically 
distinct NRPSs used for their assembly [24]. The capreo-
mycin MbtH code is closely related to that of the bleo-
mycin family, but the capreomycin MbtH protein is rather 
small (62 amino acids). Other codes for MbtH homologs 
associated with other secondary metabolic pathways for 
which additional family members are not available are 
also shown in Table 3. The code least related to others is 
that for saframycin, demonstrating the wide divergence in 
codes.

MbtH codes for unknown secondary metabolite pathways 
from sequenced genomes

Having defined a substantial number of MbtH codes for 
known secondary metabolic pathways, the MbtH multi-
probe can also be used to survey the number, diversity, 
and potential novelty of MbtH homologs in sequenced 
genomes. It can also be used to screen for new related 
family members of known secondary metabolite path-
ways. Table  4 shows the MbtH codes generated for six 
potentially gifted actinomycetes that have six or seven 
MbtH homologs. There is substantial diversity in MbtH 
codes within this group, and only six of the 39 MbtH 
homologs have been assigned to pathways so far. The 
best annotated strain is Streptomyces roseosporus, where 
three of the MbtH homologs have been assigned to dap-
tomycin, arylomycin, and pacidamycin biosynthetic 
pathways.

MbtH homologs from the bleomycin and related pathways

Bleomycin, tallysomycin, and zorbamycin are related 
antitumor agents produced by Streptomyces verticillus, 
Streptoalloteichus hindustanus, and Streptomyces fla-
voviridis, respectively [22, 26, 27, 70]. The MbtH mul-
tiprobe analysis indicated that they have functionally 
similar MbtH homologs (Table  3). However, the mbtH 
homolog in the bleomycin pathway (blm-orf13) encodes 
a protein of 187 amino acids, which is over twice the 
size of typical MbtH homologs (65–75 amino acids). The 
N-terminal region of blm-orf13 contains the typical mbtH 
conserved sequences [9], whereas the C-terminal region 
contains no sequence motifs related to other proteins in 
GenBank by BLASTp analysis. When Blm-orf13 was 
used as a probe in BLASTp analysis, five hits to large 
MbtH homologs (187–203 amino acids) were obtained 
(Table  5). Two of the hits came form the tallysomycin 
and zorbamycin biosynthetic gene clusters, and the oth-
ers were from Streptomyces mobaraensis, Mycobacterium 
abscessus, and Actinosynnema mirum. The bleomycin, 
tallysomycin, and zorbamycin pathways have several 
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Fig. 2   Correlation between the numbers of mbtH homologs and 
genome size in actinomycetes. The Streptomyces (S.) strains and 
other actinomycetes with (genome size; MbtH homologs) are: Aero-
microbium marinum (3.1; 0), Thermobifida fusca (3.6; 1), Intraspo-
rangium calvum (4; 0), Thermobispora bispora (4.2; 0), Tsuka-
murella paurometabola (4.2; 2), Janibacter sp. HTCC2649 (4.2; 0), 
Saccharomonospora viridis (4.3; 2), Mycobacterium tuberculosis 
(4.4; 2), Arthrobacter chlorophenolicus (4.4; 1), Salinispora tropica 
(5.2; 3), Thermomonospora curvata (5.6; 2), Nocardiopsis dassonvil-
lei (5.7; 2), Salinispora arenicola (5.8; 3), Nocardia farcinica (6; 2), 
Nakamurella multipartita (6.1; 1), Rhodococcus erythropolis (6.5; 
1), S. albus (6.6; 3), S. clavuligerus (6.8 [+1.8 linear plasmid]; 7), 
SPB78 (6.9; 2), Micromonospora aurantiaca (7; 1), Mycobacterium 
smegmatis (7; 3), S. sp. MG1 (7.1; 1), S. sp. E14 (7; 4), S. griseo-
flavus (7.4; 3), S. sp. ACTE (7.4; 3), S. pristinaespiralis (7.6; 2), S. 
roseosporus (7.8; 6), Rhodococcus jostii (7.8; 1), S. sp. C (7.9; 1), 
Saccharopolyspora erythraea (8.1; 3), Actinosynnema mirum (8.2; 7), 
S. lividans (8.2; 2), S. ghanaensis (8.2; 2), S. griseus (8.5; 7), S. viri-
dochromogenes (8.5; 2), S. sp. Act-1 (8.6; 6), S. coelicolor (8.7; 2), S. 
avermitilis (9; 3), Frankia sp EAN1pec (9; 2), S. svicius (9.1; 0), S sp. 
AA4 (9.2; 4), S. scabiei (10.1; 3), Amycolatopsis mediterranei (10.2; 
6), Streptosporangium roseum (10.3; 7), Catenulispora acidiphila 
(10.5; 3), S. hygroscopicus (10.5; 4), and S. violaceusniger (11; 3). 
Data from [9]
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conserved genes, including blmX, tlmX, and zbmX, which 
encode dimodular (CAT–CAT) NRPSs [27]. When BlmX 
(2140 amino acids) was used as a query for BLASTp 
analysis, the five top hits were to proteins ranging is size 
from 2109 to 2140 amino acids from the same five actino-
mycetes identified using Blm-orf13 (Table 5). These data 
demonstrate that an initial screen by MbtH multiprobe 
BLASTp followed by BLASTp with a specific MbtH 
homolog and a secondary metabolite pathway-specific 
protein can be a productive approach to predict the exist-
ence of related pathways, and suggest that S. mobaraen-
sis, M. abscessus, and A. mirum may encode bleomycin-
like antitumor agents.

Discussion

Janus, the ancient Roman god of beginnings and transi-
tions, had two faces, one to look to the past and one to the 
future. Natural products discovery is in a transition that can 
proceed in many different directions, many of which will 
be non-productive if the wrong organisms are chosen for 
focused attention and/or if non-robust discovery methods 
are employed. When we look to the past, it is clear that 
the most productive source of medically and commercially 
important secondary metabolites has been the actinomy-
cetes, most notably the Streptomyces species. The pro-
ducers of commercially important secondary metabolites 

Table 2   MbtH homologs comprising MbtH multi-probe

Probe position MbtH homolog Microorganism Pathway Reference

1 AAX31560 (DptG) Streptomyces roseosporus Daptomycin [47]

2 BAH04160 (TrsH) Streptomyces triostinicus Triosin A [60]

3 YP_001822424 Streptomyces griseus Unknown [55]

4 AAL90876 Amycolatopsis orientalis Vancomycin [82]

5 CAE53354 Actinoplanes teichomyceticus Teicoplanin [67]

6 ABD65966 Streptomyces fungicidicus Enduracidin [80]

7 CBH31049 (MbtY) Streptomyces pristinaespiralis Pristinamycin [45, 46]

8 AAP92504 (VioN) Streptomyces vinaceus Viomycin [71]

9 ABR67757 (CmnN) Saccharothrix mutabilis Capreomycin [23]

10 AAU34213 (MppT) Streptomyces hygroscopicus Mannopeptimycin [44]

11 AAN65223 (CloY) Streptomyces roseochromogenes Clorobiocin [59]

12 AAG29779 (CouY) Streptomyces rishiriensis Coumermycin [76]

13 ADN26355 (AcmR) Streptomyces chrysomallus Actinomycin D [35]

14 ADN26246 (PacJ) Streptomyces coeruleorubidus Pacidamycin [85, 86]

15 ZP_04709435 Streptomyces roseosporus Pacidamycin [64, 85]

16 CBA63677 Streptomyces sp. ATCC700974 Griseobactin [58]

17 ZP_09402445 Streptomyces sp. W007 Griseobactin [61], This report

18 AAT09800 (NocI) Nocardia uniformis Nocardicin [19]

19 CAC11137 (NikP1) Streptomyces tendae Nikkomycin [16, 37]

20 CBA11570 Streptomyces lydicus Streptolydigin [30, 56]

21 MbtH Mycobacterium tuberculosis H37Rv Mycobactin [63]

22 SCO0489 Streptomyces coelicolor Coelichelin [39]

23 YP_00824102 Streptomyces griseus Unknown [55]

24 YP_00626397 Actinoplanes sp. SE50/110 Unknown [65]

Fig. 3   MbtH homology codes 
for S. griseus
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Table 3   MbtH codes for known secondary metabolite biosynthetic pathways

Microorganism Pathway type Pathway MbtH homolog MbtH barcode Reference

Amycolatopsis orientalis Glycopeptide Vancomycin AAL90876 333,333,322,333,322,222,223,322 [82]

Amycolatopsis balhimycina Balhimycin CAC48363 333,333,322,333,322,222,223,322 [68]

Nonomuraea sp. 
ATTC39727

Dalbavancin CAD91210 333,333,322,333,322,222,223,322 [66]

Actinoplanes teichomyce-
ticus

Teicoplanin CAE53354 333,333,222,333,322,222,223,322 [67]

Actinoplanes teichomyce-
ticus

Teicoplanin CAE53358 333,333,222,333,322,222,223,322 [67]

Streptomyces griseovari-
abilis

Quinomycin Echinomycin AET98904 333,333,222,333,222,222,223,311 [84]

Streptomyces triostinicus Triosin A BAH04260 333,333,222,333,222,222,223,311 [60]

Streptomyces sp. 
SNA15896

SW-163C BAI63290 333,333,222,333,222,222,223,311 Unpublished

Micromonospora sp. ML1 Thiocoraline CAJ34376 333,333,221,233,222,222,223,311 [42]

Streptomyces roseosporus Cyclic lipopeptide Daptomycin AAX31560 332,333,322,333,322,222,223,322 [47]

Saccharomonospora viridis (Daptomycin-like) YP_003133693 332,333,332,333,322,122,223,322 [7]

Streptomyces coelicolor CDA AAD18046 332,333,332,333,322,222,223,312 [32, 39]

Streptomyces fradiae A54145 AAZ23079 332,333,222,333,322,222,223,312 [48]

Actinoplanes friuliensis Friulimicin CAM56772 332,323,322,333,322,222,223,312 [49]

Streptomyces viridochro-
mogenes

Laspartomycin AEL88630 212,211,122,111,122,002,011,132 [75]

Streptomyces roseochromo-
genes

Aminocoumarin Clorobiocin AAN65223 332,333,322,333,322,222,223,312 [59]

Streptomyces rishiriensis Coumermycin AAG29779 332,333,222,333,322,222,223,312 [76]

Streptomyces coeruleoru-
bidus

Uridylpeptide Pacidamycin ADN26246 222,222,222,222,233,002,112,222 [64, 85, 86]

Streptomyces roseosporus (Pacidamycin) ZP_04709435 222,222,222,122,233,002,112,222 [85]

Streptomyces sp. SS Sansanmycin AGG82464 222,222,222,222,233,002,112,222 [74]

Streptomyces sp. DSM 
5940

Napsamycin ADY76676 222,222,222,222,233,002,112,222 [34]

Nocardia uniformis Beta-lactam Nocardicin A ATT09800 222,222,222,222,222,113,212,222 [19]

Actinosynnema mirum Nocardicin A YP_003102272 222,222,222,222,222,113,212,222 [19, 36]

Streptomyces sp. 
ATCC700974

Catechol-peptide Griseobactin CBA63677 222,222,200,222,200,331,112,200 [58]

Streptomyces sp. W007 Griseobactin ZP_09404220 222,222,200,222,200,331,122,200 [61], This report

Streptomyces griseus 
griseus

Griseobactin YP_00828250 222,222,200,222,200,331,112,200 [53]

Streptomyces griseus 
XvlebKG-1

Griseobactin ZP_08240466 222,222,200,222,200,331,122,200 [53, 58]

Streptomyces globisporus Griseobactin ZP_11380315 222,222,200,222,200,331,112,200 [73], This report

Streptomyces tendae Peptidyl nucleoside Nikkomycin CAC11137 222,222,101,222,211,112,322,201 [16, 37, 38]

Streptomyces ansochromo-
genes

Nikkomycin AAO73548 222,222,101,222,211,112,322,201 [72]

Streptomyces vinaceus Cyclic peptide Viomycin AAP92504 222,222,133,122,322,222,223,312 [71]

Saccharothrix mutabilis Capreomycin ABR67757 221,222,233,222,222,002,112,223 [23]

Streptomyces verticillus Mixed PKS-glyco-
peptide

Bleomycin AAG02368 221,222,223,222,222,002,112,223 [22]

Streptoalloteichus hindu-
stanus

Tallysomycin ABL74949 222,222,223,222,222,002,112,222 [70]

Streptomyces flavoviridis Zorbamycin ACG60748 222,222,233,222,222,003,312,222 [26]

Streptomyces mobaraensis Bleomycin-like ZP_23079825 221,222,223,222,222,002,112,223 [78], This report

Actinosynnema mirum Bleomycin-like YP_003101402 222,222,233,222,222,002,122,223 [36], This report
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can be considered as gifted microbes by default, but only 
a fraction of actinomycetes are gifted by these retrospec-
tive criteria. When looking prospectively to the future, it 
would be very useful to be able to predict which microbes 
are gifted to optimize resource allocations. Since we cannot 
predict commercial successes prospectively, we need sur-
rogate markers to predict which microbes have the highest 
likelihood of yielding commercially successful products. 
One likely predictor is the number and novelty of NRPS 
and PKS pathways encoded by candidate microbes. In this 
report I have shown that the number and variety of NRPS 
gene clusters can be estimated by BLASTp analysis with 
a diverse MbtH 24-mer multiprobe. Since mbtH genes can 
have orthologous functions in related pathways, and paralo-
gous functions in unrelated pathways [9], the probing with 
a 24-mer yields relatedness information that can be trans-
lated into a 24 number code. The 24 MbtH homologs used 
in this study were chosen primarily from well-character-
ized pathways. As more NRPS pathways are characterized, 
additional MbtH homologs can be incorporated into new 
multiprobes to supplement the utility of this multiprobe.

The initial MbtH codes have been defined for many 
secondary metabolite pathways that employ NRPS mecha-
nisms. It is noteworthy that MbtH codes for highly simi-
lar secondary metabolites are generally identical or highly 

similar, while those for unrelated pathways are dissimilar. 
Thus, as more NRPS gene clusters are assigned to specific 
products, the robustness of code differences can be used 
more efficiently for dereplication of known pathways, iden-
tification of important new members of known families, 
and prediction of novel pathways and products for future 
focus.

It was shown previously that as a group the actinomy-
cetes on average have more MbtH homologs per sequenced 
organism than any other bacterial group, and among the 
actinomycetes the Streptomyces had the highest average 
(~3). None-the-less, the number of MbtH homologs ranged 
from 0 to 7 per individual species. Actinomycetes with 
small genomes tended to have 0 or 1 mbtH gene. If we use 
the number of mbtH homologs per cell as the initial screen, 
only a small number of actinomycete genomes encode 
6–7 mbtH homologs, and can be considered as potentially 
gifted. The MbtH multiprobe can be used to differentiate 
between the individual MbtH homologs, and six potentially 
gifted actinomycetes were analyzed for MbtH codes in this 
study. It is noteworthy that three of the strains would be 
designated as gifted by retrospective and prospective crite-
ria, as they are the commercial producers of daptomycin (S. 
roseosporus), rifamycin (A. mediterranei), and streptomy-
cin (S. griseus). Of the three products, only daptomycin is 

a   Phosphenothricin-tripeptide

Table 3   continued

Microorganism Pathway type Pathway MbtH homolog MbtH barcode Reference

Mycobacterium abscessus Bleomycin-like ZP_14236827 222,222,222,222,222,002,112,222 [17], This report

Streptomyces roseosporus Cyclic lipoglycopep-
tide

Arylomycin ZP_04712039 333,333,222,233,322,222,223,312 [41]

Streptomyces coelicolor Peptide siderophore Coelichelin Sco0489 333,333,332,333,332,222,223,312 [39]

Streptomyces flaveolus Mixed PKS-NRPS Sanglifehrin ACY06300 333,333,222,333,322,222,223,312 [62]

Streptomyces fungicidicus Cyclic lipopeptide Enduracidin ABD65966 332,333,222,333,322,222,223,312 [80]

Streptomyces virginiae Cyclic peptide Virginiamycin S ABD65966 332,333,222,333,322,222,223,312 [52]

Streptomyces hygroscopicus Cyclic lipoglycopep-
tide

Mannopeptimycin AAU34213 332,333,322,333,321,222,223,311 [44]

Streptomyces collinus Mixed PKS-NRPS Kirromycin CAN89660 323,233,222,222,222,222,222,212 [77]

Streptomyces chrysomallus Chromopeptide 
lactone

Actinomycin D ADG27355 322,333,322,332,322,222,222,322 [35]

Streptomyces pristinaespi-
ralis

Cyclic peptide Pristinamycin CBH31049 322,322,322,332,322,222,222,322 [45, 46]

Streptomyces antibioticus Aminocoumarin Simocyclinone AAG34186 233,332,222,222,222,222,223,322 [25]

Mycobacterium tubercu-
losis

Mixed PKS-NRPS Mycobactin NP_216893 
(MbtH)

222,222,222,222,222,222,223,322 [63]

Streptomyces viridochro-
mogenes

PT-tripeptidea Bialaphos AAU00076 222,222,222,222,222,002,102,222 [11]

Streptomyces lydicus Mixed PKS-NRPS Streptolydigin CBA11570 222,221,222,222,211,221,232,211 [30, 56]

Streptomyces lavendulae Tetrahydroisoqui-
noline

Saframycin ABI22136 101,101,022,000,121,002,002,122 [40]
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produced by an NRPS mechanism that employs an MbtH 
homolog (DptG).

As genome mining of actinomycetes progresses in the 
future, the MbtH multiprobe concept can be used to screen 
individual stains, pools of strains, environmental samples, 

or pools of environmental samples for the presence of 
gifted strains by using low pass DNA sequencing. More 
intense DNA sequencing, annotation, and expression stud-
ies can be focused on individual gifted strains or strain pop-
ulations enriched for gifted strains. The multiprobe concept 

Table 4   MbtH codes for gifted actinomycetes

Microorganism Genome  
size (MB)

MbtH homolog MbtH homolog codes Secondary  
metabolite pathway

Genome 
reference

Actinosynnema mirum 8.2 YP_003101336 323,333,322,333,322,222,223,312 [36]

YP_003102731 233,333,222,232,222,222,223,311

YP_003102279 223,222,222,222,222,112,223,221

YP_003101402 222,222,233,222,222,002,122,223 Bleomycin-family This 
report

YP_003102192 222,222,122,222,222,002,112,222

YP_003101315 222,222,222,222,222,002,112,222

YP_003102272 222,222,222,222,222,113,212,222 Nocardicin [19]

Streptomyces griseus 8.5 YP_00821964 333,333,322,333,322,222,223,312 [55]

YP_00824768 332,333,222,233,322,222,223,322

YP_00822424 233,332,221,222,222,222,223,221

YP_00822166 232,223,221,222,211,221,222,311

YP_00822088 222,222,223,222,222,002,012,222

YP_00828250 222,222,200,222,200,331,112,200 Griseobactin [58]

YP_00824102 101,110,122,000,111,001,001,132

Streptosporangium roseum 10.3 YP_003342011 322,333,322,333,322,222,223,322 [53]

YP_003339148 333,333,322,333,322,222,223,322

YP_003342413 332,333,221,233,222,222,223,212

YP_003341076 322,333,221,232,222,222,223,312

YP_003338143 222,222,223,222,222,002,112,222

YP_003342290 221,222,233,222,222,002,112,223

YP_003337926 211,222,223,122,222,002,112,122

Amycolatopsis mediterranei 10.2 YP_003767198 332,233,222,332,322,222,223,222 [87]

YP_003768373 222,222,223,122,222,022,122,223

YP_003766961 222,222,223,222,222,002,112,223

YP_003766215 232,222,212,222,222,222,223,311

YP_003765296 222,222,232,222,222,112,212,222

YP_003766936 222,222,223,222,222,002,222,222

Saccharothrix espanaensis 9.36 YP_007037427 332,333,311,333,322,222,223,311 [69]

YP_007036874 333,333,222,333,322,222,223,312

YP_007037734 221,222,223,222,222,002,112,232

YP_007038712 222,222,201,222,210,121,122,200

YP_007037432 222,222,222,222,222,002,012,222

YP_007038943 211,222,122,111,122,002,112,122

Streptomyces roseosporus 7.8 ZP_04706746 332,333,322,333,322,222,223,322 Daptomycin [47]

ZP_04707179 333,333,322,333,322,222,223,312

ZP_04713195 333,333,322,333,322,222,223,322

ZP_04712095 333,333,222,233,322,222,223,312 Arylomycin [41]

ZP_04709435 222,222,222,122,233,002,112,222 Pacidamycin [85]

ZP_04709625 211,222,101,122,200,111,001,100
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might also be extended to PKS pathways if appropriate, 
relatively small pathway predictive peptide sequences can 
be identified.
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