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 ABSTRACT 

 

In natural habitats, microorganisms synthesize specialized metabolites and 

enzymes that mediate chemical interactions between organisms. Those natural products 

have various biological activities, acting as signaling chemicals, siderophores, and 

antibiotics. Bioinformatic predictions suggest that many undiscovered metabolites are 

encoded in the genomes of soil bacteria, especially Streptomyces. Genetic strategies to 

disrupt metabolite biosynthesis provide a comparative means to uncover new molecules 

and their activities. However, genetic manipulation of Streptomyces is inefficient due to 

low recovery from recombination. To overcome these limitations, in this study, we 

adapted CRISPR-Cas9 based mutagenesis in Streptomyces sp. Mg1. To further improve 

the efficiency of genetic engineering, we exploited a dual-sgRNA CRISPRi system, which 

uses double guide RNAs and catalytically inactive dCas9 to diminish the production of 

targeted specialized metabolic pathways. With the improved genetic strategies, we 

discovered lavendomycin biosynthetic pathway from S. Mg1 and a potential new 

thiopeptide from Streptomyces albus. Meanwhile, we identified the biological functions 

associated with lavendomycin and the novel thiopeptide. Using a genetic approach, we 

uncovered regulatory functions in the specialized metabolic pathways.  

Genetic and chemical approaches and identifications demonstrated in this 

dissertation improve the processes of phenotypic detection and metabolic identification. 

This research also expands our understanding of bacterial specialized metabolism. 
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NRP Non-ribosomally synthesized peptides 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW1  

 

Natural products and specialized metabolites 

Natural products are diverse chemical compounds produced by primary or 

secondary metabolic pathways in living organisms [1]. These organic compounds usually 

have biological or pharmacological activities [2–5]. As opposed to growth-related primary 

metabolic functions, specialized metabolites, also called “secondary” metabolites, support 

environmental, evolutionary, or physiological functions that are organism specific [6]. 

Many of the specialized metabolites are cytotoxic and have been optimized through 

evolution to be used as "chemical weapons" against prey, predators, and competing 

organisms [7–9]. Specialized metabolites can be involved in signaling, growth 

coordination, virulence, bacterial communication, and competition [9,10]. The biological 

functions of specialized metabolites are diverse and largely unexplored. However, natural 

product discovery has been extensively driven by their importance and medicinal values 

as antibiotics, antiviral and antitumor agents [3,4,11]. So far, approximately 326,000 

natural products have been characterized, the large majority of which are produced by 

bacteria, mainly by the family of Actinomycetaceae [12,13].  

 

 

1 Part of this chapter is reprinted with permission from “Antibiotic Discovery Through Microbial 

Interactions” by Zhang C, Straight PD, Curr Opin Microbiol 2019, 51:64–71, Copyright 2019 Elsevier Ltd.  
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Model systems of specialized metabolism 

Species of Streptomyces, the largest genus of the Actinomycetaceae family, are 

ubiquitous Gram-positive bacteria with a characteristic filamentous morphology [14]. 

These microbes have evolved with the richness of biosynthetic gene clusters and thereby 

showed their prolific capacity for the production of numerous bioactive specialized 

metabolites, including tetracycline, streptomycin, lincomycin, chloramphenicol, and 

daptomycin [15–18]. Streptomyces species undergo a developmental lifecycle, including 

spore germination, vegetative growth, aerial hyphae emergence, and sporulation [19]. In 

many cases, the bacteria coordinate natural product biosynthesis with morphological 

differentiation in response to nutrient depletion. For example, the spore pigments are 

produced as features of mature spores. Also, the peptide SapB acts as a surfactant and 

breaks surface tension, enabling aerial hyphae to expand towards the air [20]. 

The endospore-forming Bacillus species are also been recognized to manufacture 

a diverse array of specialized metabolites, many of which have obtained attention for their 

fascinating functions. For instance, surfactin, an antibiotic produced by Bacillus subtilis, 

is known as an intraspecies signal for biofilm formation and also essential for B. subtilis 

swarming motility [21–23]. In addition, surfactin acts as an interspecies signal, inhibiting 

aerial hyphae development of many Streptomyces species [24–26]. Thiocillins, antibiotics 

produced by Bacillus cereus, can also stimulate B. subtilis biofilm [27]. Furthermore, 

bacillaene protects the producer strain B. subtilis against coexisting Myxococcus xanthus 

predation [28]. These intriguing activities of specialized metabolites make Streptomyces 

spp. and Bacillus spp. great models for investigating fitness and competitive functions in 
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microbial communities. Moreover, similar specialized metabolic talents are also found in 

other microorganisms such as numerous fungi, myxobacteria, cyanobacteria, 

pseudomonads [29–32]. Therefore, a massive potential remains to be explored in novel 

specialized metabolites and their biological functions.  

 

Specialized metabolite biosynthetic pathways 

Genes encoding biosynthetic machinery for specialized metabolites are usually 

clustered within bacterial genomes [33–35]. Microbial genome-level studies reveal 

abundant and diverse biosynthetic gene clusters (BGCs) for the biosynthesis of specialized 

metabolites [36,37]. However, the vast majority of specialized metabolites are unknowns 

and have evaded detection due to their obscure functions or lack of production in 

laboratory cultures [9,36]. In addition to new BGCs, the detection and isolation of 

previously uncultured species further expand the potential for discovery of chemically 

diverse specialized metabolites [38,39].  

Even though the diversity and abundance of structures in different specialized 

metabolites are remarkable, the biosynthetic machineries used for synthesizing many of 

these compounds are often considerably conserved. Examples for categories of specialized 

metabolites using such conserved machineries are polyketides, non-ribosomally 

synthesized peptides (NRP), ribosomally synthesized and post-translationally modified 

peptides (RiPPs), aminoglycosides, and many more [40]. These classes of molecules differ 

from each other, not only in their backbone structures, but also in their biosynthesis and 

substrate pools from which they are assembled. 
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Polyketides 

Polyketides are biosynthesized by polyketide synthases (PKSs), which comprise 

one or more functional modules in each enzyme to act in assembly line arrays [33,41,42]. 

PKSs can be classified into three categories [43]. Type I PKSs (T1PKSs) are 

multifunctional and highly modular proteins[44]. In type II PKSs, the catalytic domains 

are on discrete proteins [45]. And type III PKSs are homodimeric single-domain proteins, 

which are essentially iteratively acting [46]. Type II and III PKSs are beyond the scope of 

this thesis, which focuses on T1PKSs.  

In type I PKSs, each PKS module contains minimally three domains, ketosynthase 

(KS), acyltransferase (AT), and acyl carrier protein (ACP) (Figure 1A), required to 

catalyze one cycle of chain extension. An AT domain recruits and transfers the acyl or 

malonyl moiety to the tandem ACP. An ACP domain covalently tethers acyl intermediates 

and the phosphopantetheine chain. A KS domain catalyzes polyketide chain extension in 

a Claisen condensation reaction, taking over the extender unit from the upstream ACP 

domain to the downstream product chain. In addition to these domains, there is a variable 

set of domains, ketoreductase (KR), dehydratase (DH), and enoyl reductase (ER), 

responsible for reduction and dehydration. At the last module, a thioesterase (TE) domain 

hydrolyzes and releases of the fully formed polyketide chain from the previous ACP 

domain (Figure 1B) [47].  Throughout the entire biosynthetic assembly line, the polyketide 

chain elongates and remains bound to the PKSs. After release from the PKSs, tailoring 

enzymes typically further modifies the polyketide metabolites. For example, the skeleton 

can be oxidized, methylated, or decorated with molecules, yielding a cluster of 
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biologically active variants.  

In one example, linearmycins are a family of linear polyene polyketides produced 

by Streptomyces sp. Mg1. An approximately 180 kb type I PKS gene cluster is responsible 

for the biosynthesis of linearmycins. Based on the knowledge of predicted modules and 

catalytic domains, a structure can be proposed for linearmycins. Experimentally, over 50 

potential structural variants of linearmycins were detected along with the three 

predominant forms, which reflect the simplest predicted structures  [48].  

 

Non-ribosomal peptides 

Non-ribosomal peptides are a class of peptide metabolites usually produced by 

microorganisms. Similar to the biosynthesis principle of polyketides, this type of peptide 

molecules is synthesized by multimodular enzymes, non-ribosomal peptide synthetases 

(NRPSs) [41]. Independent of ribosomes that stringently incorporate a defined set of 

common amino acids to produce peptides and proteins, the NRPS machineries evolved to 

be highly versatile in regard to substrate selections. The potential substrates include a 

broad range of modified proteinogenic amino acids and unusual amino acids [49]. It has 

been reported that over 500 different substrates are acceptable by NRPS assembly lines 

[50]. The diversity of substrate incorporation leads to a tremendous amount of conceivable 

final NRP products. 
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Figure 1. Modular biosynthetic pathways 

(A) Comparison between PKS and NRPS catalytic domains. (B) PKS domain organization 

and biosynthetic pathway. (C) NRPS domain organization and biosynthetic pathway. LM: 

loading module; EM: extension module. 
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The catalytic domains of NRPSs coordinate and process the recognized substrate 

through sequential reactions [51]. The essential NRPSs catalytic functions include 

adenylation (A), peptidyl carrier protein (PCP), and condensation (C) protein domains 

[52] (Figure 1A). The A domain selects specific building blocks and converts to an 

aminoacyl adenylate substrate in an ATP-dependent manner. The PCP domain, also refers 

as the thiolation (T) domain, transfers the adenylated amino acid substrate and attaches to 

a phosphopantetheine-linked thioester bond. At this stage, other optional modifications of 

the intermediate substrate can also be involved, incorporating catalytic domains, such as 

epimerization (E) or methylation (M), and many more. The C domain then catalyzes the 

formation of a new peptide bond between two adjacent phosphopantetheine-linked 

substrates through a condensation reaction. Sequential arrangement of the A, PCP and C 

domain units insure the coordinated elongation of the peptide product. Eventually, the 

linear peptide chain may be hydrolyzed or cyclized by a thioesterase (TE) domain at the 

C- terminus of the NRPSs (Figure 1C). It is feasible to predict some NRP metabolites due 

to the co-linearity of multimodular domain organization and the possibility to predict A-

domain substrate specificities [53]. However, there are exceptions in the NRP 

biosynthesis. The assembly lines do not always follow the rule of co-linearity, but in 

iterative or non- linear manners, which complicates the prediction of the NRP products 

[54]. 

 

Non-ribosomal peptides 

Non-ribosomal peptides are a class of peptide metabolites usually produced by 
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microorganisms. Similar to the biosynthesis principle of polyketides, this type of peptide 

molecules is synthesized by multimodular enzymes, non-ribosomal peptide synthetases 

(NRPSs)[41]. Independent of ribosomes that stringently incorporate a defined set of 

common amino acids to produce peptides and proteins, the NRPS machineries evolved to 

be highly versatile in regard to substrate selections. The potential substrates include a 

broad range of modified proteinogenic amino acids and unusual amino acids [49] It has 

been reported that over 500 different substrates are acceptable by NRPS assembly lines 

[50]. The diversity of substrate incorporation leads to a tremendous amount of conceivable 

final NRP products. 

The catalytic domains of NRPSs coordinate and process the recognized substrate 

through sequential reactions [51]. The essential NRPSs catalytic functions include, 

adenylation (A), peptidyl carrier protein (PCP), and condensation (C) protein domains 

[52] (Figure 1A). The A domain selects specific building blocks and converts to an 

aminoacyl adenylate substrate in an ATP-dependent manner. The PCP domain, also refers 

as the thiolation (T) domain, transfers the adenylated amino acid substrate and attaches to 

a phosphopantetheine-linked thioester bond. At this stage, other optional modifications of 

the intermediate substrate can also be involved, incorporating catalytic domains, such as 

epimerization (E) or methylation (M), and many more. The C domain then catalyzes the 

formation of a new peptide bond between two adjacent phosphopantetheine-linked 

substrates through a condensation reaction. Sequential arrangement of the A, PCP and C 

domain units insure the coordinated elongation of the peptide product. Eventually, the 

linear peptide chain may be hydrolyzed or cyclized by a thioesterase (TE) domain at the 
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C- terminus of the NRPSs (Figure 1C). It is feasible to predict some NRP metabolites due 

to the co-linearity of multimodular domain organization and the possibility to predict A-

domain substrate specificities [53]. However, there are exceptions in the NRP 

biosynthesis. The assembly lines do not always follow the rule of co-linearity, but in 

iterative or non- linear manners, which complicates the prediction of the NRP products 

[54]. 

 

Ribosomally synthesized and post-translationally modified peptides 

Ribosomally synthesized and post-translationally modified peptides are another 

family of peptide molecules. Unlike the NRPs, the biosynthesis of RiPPs relies on a 

precursor peptide, a core structural peptide fused to a leader peptide. RiPP precursor 

peptides are first translated by the ribosome and then processed by enzymes catalyzing 

post-translational modifications (PTMs) of the core peptide. Subsequently, the leader 

peptides are cleaved and the mature product exported [55]. Based on the diversity of PTMs 

installed on the core peptide, RiPPs are further categorized into various sub-classes, as 

described in this review [56].  
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Figure 2. Thiopeptide biosynthetic pathway 

The precursor peptide forms thiazole or oxazole rings through cyclodehydration and 

dehydrogenation of cysteine or serine. Dehydroalanine or dehydrobutyrine form by 

dehydration of serine or threonine. A [4+2] cycloaddition reaction cyclizes the core 

peptide into a six-membered nitrogenous. In the meantime, leader peptide gets cleaved.  
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One of the many sub-classes of RiPPs is thiopeptides, best known for their 

antimicrobial activities [57]. A structural feature of the thiopeptide macrocycle is a six-

membered nitrogenous ring that can be present in piperidine, dehydropiperidine, or 

pyridine forms. The primary sequences of the precursor peptides are characteristic with 

serine, threonine, and cysteine rich C-termini, where the core peptides reside. Thus, the 

mature peptides are heavily modified on those residues, represented with thiazole or 

oxazole rings (cyclized from cysteine or serine, respectively) and dehydroalanine or 

dehydrobutyrine (dehydrated serine/threonine) (Figure 2). Further structural complexity 

is revealed in several thiopeptides by the addition of a second macrocycle to incorporate 

a tryptophan-derived quinaldic acid or an indolic acid residue, such as those found in 

thiostrepton A and nosiheptide [58,59]. 

 

Specialized metabolites studies through microbial interaction  

Besides the known specialized metabolites mentioned above, many other 

compounds are still under exploration for their new structures and activities. One 

promising strategy is to revisit the origins of natural product discovery in the same vein of 

Alexander Fleming, which is to focus on microbial interactions to identify specialized 

metabolites [60]. In general, the traditional approaches to discovery no longer yield 

sufficient novelty in antibiotics discovered and do not meet the demand driven by 

antibiotic resistance [61]. Simply stated, the traditional approach is to isolate metabolites 

from laboratory cultures and test for growth inhibition of target organisms as established 

by Waksman and others [62–65]. To advance beyond this operating paradigm, many 
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modern approaches have been explored. One is to consider the varying stimuli that may 

select for specialized metabolism. In their natural habitats, microbes encounter nutrient 

limiting conditions and challenges from neighboring species [66]. Microbes have 

mechanisms to sense and respond to diverse stimuli, such as abiotic environmental cues 

(e.g. pH, temperature, light, nutrients, and oxidative stress), and biotic stressors (e.g. 

bacteriocins, antibiotics, siderophores) arising from metabolism of neighboring organisms 

(Figure 3) [67]. The response mechanisms are many and include changes in specialized 

metabolism to mediate interactions between organisms [9,66]. Co-culturing species is one 

approach to identify bioactive metabolites and the relevant responses to them. However, 

the inclusion of one or more additional species to a culture raises the complexity and 

challenge of isolating a single, active substance. In addition, observation of interspecies 

interactions commonly requires plate-based or otherwise structured-culture formats, 

which are cumbersome for traditional microbiology and natural product approaches [68]. 

Despite these challenges, recent studies of competitive interactions between species 

highlight their potential for enhancing access to new metabolites [69]. The molecular 

bases of the interactions are not always clear, but the evidence suggests that either 

activation of quiescent biosynthetic pathways or detection of competitive effects other 

than growth inhibition (e.g., changes in colony morphology, virulence, biofilm formation, 

sporulation) serve to reveal new candidate natural products [9].  
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Figure 3. Microbial communities as a source of environmental cues, stresses, and 

signals that influence specialized metabolism 

Microorganisms sense physical and chemical inputs from their surroundings and have 

diverse response mechanisms. Within the context of a microbial community, these inputs 

include both abiotic inputs (e.g. pH, temperature, light, nutrients) and biotic cues and 

signals (e.g. bacteriocins, antimicrobials, siderophores) that emerge from the metabolism 

of neighboring organisms. A focus on two selected species highlights the potential 

complexity of external inputs for microorganisms within a community. Contemporary 

approaches to microbial specialized metabolism include co-culturing selected species in 

order to expose biotic inputs, in particular specialized metabolites, and to provide new 

pathways to natural product discovery. 

 

 

 

Recent studies indicate that exploration of interactions between microbial species 

may reveal new bacterial physiology and new specialized metabolites that will contribute 

to reinvigorated antibiotic discovery. A selection of contemporary review articles provides 

excellent coverage of several topics that converge on the interactions of species that 

influence natural product discovery. These articles include two recent reviews that 

emphasize bacterial-fungal interactions and innovative culturing and detection techniques 

for the induction of new specialized metabolites [70,71]. In addition, Molloy and 

Hertweck covered antibiotic discovery inspired by predator-prey interactions, pathogens, 

insects, and other host protection mechanisms [7]. Cheverette and Currie provided a 
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comprehensive review on evolutionary aspects of antibiotic discovery and discussed the 

role of antibiotics in nature [8]. Nai and Meyer focused on technological advances in 

mixed-species culturing that impact specialized metabolism [69]. Ueda and Beppu 

reviewed instances where antibiotics were discovered using co-culturing methods through 

chemical stimulation of antibiotic production [72]. These reviews showcase the breadth 

of topics relevant to modern efforts to invigorate natural product discovery. Here, our 

intent is to provide a complement to these reviews, rather than a comprehensive review of 

this extensive field. We will summarize some active specialized metabolites discovered 

from bacterial-fungal interactions because this topic has been recently covered in depth 

[70,71]. We will also discuss innovative approaches to studying specialized metabolism 

in microbial interactions as means to discover new antibiotics and expand knowledge of 

specialized metabolism in microbiology.  

 

Interspecies pairwise interactions for antibiotic discovery 

Interaction-based assays follow a guiding concept that, as opposed to organisms 

cultured in isolation, complex interactions better approximate environmental conditions. 

As a case in point, one organism may serve to condition the environment for a second 

organism to produce antibiotics. In an approach similar to the process for discovering 

penicillin through a bacterial-fungal interaction, Zuck, Shipley, and Newman co-cultured 

Aspergillus fumigatus with several other organisms on agar plates and showed the most 

significant inhibitory effect with Streptomyces peucetius. By following that competitive 

phenotype, mixed fermentation of the two organisms led to the isolation of two new 
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natural products, fumiformamide (Figure 4A) and N, N’- ((1Z,3Z)-1,4-bis(4-

methoxyphenyl)buta-1,3-diene-2,3-diyl) diformamide, together with two known N-

formyl derivatives and the xanthocillin analogue BU-4704 [73]. As an example, this study 

demonstrated that co-cultivation, creating a competitive environment, is a useful strategy 

to amplify the production of specialized metabolites. A detailed induction mechanism for 

these metabolites has yet to be reported.  

There are many other active molecules discovered through bacterial-fungal co-

culture formats (Figure 4A). For example, pestalones (potent bactericidal against drug-

resistant bacteria) [74], libertellenones D (potent cytotoxicity against the HCT-116 human 

colon carcinoma cancer cell line) [75], emericellamides A (moderate antimicrobial against 

methicillin-resistant Staphylococcus aureus) [76], were identified from marine fungal-

bacterial interactions. Glionitrin A, an anti-tumor metabolite, was discovered in the co-

culture of a fungal strain with a bacterial strain from an unusual acidic environment [77], 

and secopenicillide C was discovered in a co-culture of two fungi from soil [78]. These 

findings suggest that continued use of bacterial-fungal interactions as a path to discovery 

will yield new potential antibiotics. 

Induced production of natural products has also been observed with bacterial 

interspecies interactions. Streptomyces have been studied extensively for their prolific 

natural product production [16,17]. With the arrival of whole-genome sequencing, new 

genomic evidence revealed the extent to which unexplored BGCs are embedded in 

streptomycete genomes [37,79]. The majority of these BGC products remain to be 

identified. A major goal for the field is to identify efficient methods to coax new 
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specialized metabolites from apparently quiescent BGCs. Onaka and Mori showed 

Streptomyces spp. produced new specialized metabolites when they were co-cultured with 

the mycolic acid-containing bacterium Tsukamurella pulmonis [80]. Several novel natural 

products, arcyriaflavin E [81], chojalactones A-C [82] (Figure 4B), niizalactams A−C 

[83], and 5-alkyl-1,2,3,4-tetrahydroquinolines [84] were identified in co-cultures of 

Streptomyces spp. with T. pulmonis. A specific stimulus or competitor may be required 

for activating cryptic BGCs in some organisms. Thus for some studies, species from the 

same natural microbial community have been prioritized as stimuli, based on perceived 

ecological functions of specialized metabolites. Adnani and colleagues identified keyicin, 

a new anthracycline antibiotic, from a Micromonospora sp. when co-cultivated with a 

sympatric Rhodococcus sp. from the sea squirt microbiome. Keyicin is active against some 

Gram-positive bacteria [85] (Figure 4B). These examples provide ample evidence that 

mixing two species in a single culture may yield new metabolites. However, rarely have 

the mechanisms leading to induction been deciphered, which would give a deeper 

understanding of the biology of specialized metabolism. The underlying mechanisms of 

interactions will likely inform new approaches to elicit specialized metabolites and 

enhance subsequent discovery efforts. 

 

Co-culture cooperation-induced antibiotic metabolites 

As more interaction studies emerge, it is increasingly clear that specialized 

metabolites have diverse and undiscovered functions. These functions extend beyond 

antibiotics and promote the fitness of the producer organisms in poorly understood ways. 
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For example, diffusible metabolites from one organism may stimulate physiological 

transformations of nearby species. In what is a classic study for the field, Ueda et al. 

observed this type of stimulatory event among Streptomyces species [86]. By overlaying 

B. subtilis as an indicator, they found that one Streptomyces spp. induced sporulation of a 

co-cultured Streptomyces spp. A zone of B. subtilis growth inhibition revealed the 

induction of antibiotic metabolite(s) only when the two species of Streptomyces were in 

close proximity. A more elaborate version of this experiment led to the recent discovery 

of a new antibiotic. Pischany and colleagues used multi-species cultivation to generate a 

large pool of molecules to screen for activity [87]. Their study employed solid-phase 

cultures of nine Actinomycetes in transwell plates, which allowed for continuous 

monitoring without disrupting the community. In this experimental format, bacteria 

growing on agarose inside a transwell draw nutrients from liquid media and exchange 

metabolites, which diffuse into the surrounding liquid. After mixed-species growth in the 

transwell, the liquid medium was tested for antibiotic activity on S. aureus plates (Figure 

4C). Once the antimicrobial activity was observed, they sampled the 16s rDNA to 
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determine the species composition of the culture mixture. This method is straightforward 

and can be applied to many cultivable multispecies communities, potentially yielding new 

antimicrobial or signaling compounds. Indeed, in their study Pishchany et al. found that 

Streptomyces coelicolor M145 stimulated Amycolatopsis sp. AA4 to produce 

amycomicin, a new antibiotic that targets fatty acid biosynthesis and kills S. aureus in both 

in vitro and in vivo assays with sub-micromolar activity (MIC 30 nM) (Figure 4C). 

Subsequently, they found that alteration of the carbon source by S. coelicolor metabolism 

induces the production of amycomicin [87]. These examples suggest that more complex 

patterns of interaction than binary chemical warfare reflect the dynamic interactions of 

multispecies microbial communities. Applying knowledge of the molecular bases of 

complex interactions into new discovery efforts may open the door to unpredicted new 

specialized metabolites. 
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Figure 4. Active molecules identified from pairwise microbial interactions 

(A) Chemical structures of active molecules representative of isolation from bacterial-

fungal co-cultivation. (B) Chemical structures of molecules representative of isolation 

from bacterial interspecies interaction. (C) A transwell system for continuous microbial 

community growth (on agarose plug supported by a permeable membrane), by drawing 

nutrients from liquid medium and exchange for natural products. The conditioned liquid 

medium was periodically sampled for antibiotic activity against S. aureus. Amycomicin 

was identified to be responsible for inhibiting S. aureus. 
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Diverse biological functions of specialized metabolites 

Specialized metabolites are expected to benefit the fitness of their producers, but 

in the majority of cases, their functions are unknown. Some examples of non-antibiotic 

functions illustrate this point. For instance, siderophores are specialized metabolites that 

chelate environmental sources of iron for cellular uptake. Using a co-culture format, 

Traxler et al. found a siderophore, amychelin, produced by Amycolatopsis sp. AA4 that 

inhibits adjacent S. coelicolor development of aerial hyphae [88,89]. Because they are 

needed for iron uptake, some bacteria pirate siderophores produced by competitors 

[89,90], but this practice can have deleterious effects. Sideromycins are siderophore–

antimicrobial conjugates that act by a Trojan horse strategy, where stealing iron may have 

lethal consequences [91]. Other examples of non-antibiotic activity from specialized 

metabolites include thiopeptides. Some thiopeptides are antibiotics (e.g. thiocillins) and 

others are signaling molecules (e.g. goadsporin) that impact bacterial development 

[92,93]. The thiocillins, for example, were reported to alter the development of other 

species, causing the induction of B. subtilis biofilm formation [27]. In our lab, we have 

identified some surprising functions for antibiotics. Linearmycins are antibiotics produced 

by Streptomyces [94]. We recently reported that linearmycins are packaged into membrane 

vesicles and disrupt B. subtilis membranes [48,95]. The surprise result for these studies 

was that biogenesis of extracellular vesicles depends upon linearmycin biosynthesis, 

highlighting an unpredicted convergence of membranes and antibiotic biosynthesis. In 

another example, chloramphenicol, a classic antibiotic produced by Streptomyces 

venezuelae, was demonstrated to induce a B. subtilis mobile response at subinhibitory 
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concentration [96]. The activation of motility is an example of the underlying principle of 

hormesis, wherein antibiotics are stimulatory metabolites at subinhibitory concentrations 

[97,98]. These observations indicate that even the activities of antibiotics as a subclass of 

specialized metabolites may have complex and unexpected functions, which may be 

exploited as an approach to discover useful natural products [10,99].  

A recent study of human-associated bacteria provides a compelling example of the 

possibilities to develop new approaches to treat infectious diseases based on microbial 

interactions. This study initiated with an observation of a negative correlation between S. 

aureus and Bacillus species in samples from a human population [100]. Further 

exploration showed probiotic Bacillus abolished and eliminated colonization by S. aureus 

through inhibiting quorum sensing. Remarkably, the study demonstrated that fengycins 

from B. subtilis, commonly known for their antifungal activity, blocked the Agr quorum 

sensing system of S. aureus, thereby disrupting biofilm development and the ability to 

colonize the host. This study illustrates the capacity for specialized metabolism to 

influence bacterial pathogenesis in striking and effective, non-classical antibiotic modes. 

Other reported examples from microbial interactions also suggest a promising approach is 

to disrupt virulence among pathogens. For instance, 4-hydroxy-2- heptylquinoline-N-

oxide (HQNO), a molecule promoted by Pseudomonas aeruginosa quorum sensing 

signaling system, suppresses the growth of S. aureus and leads to the formation of small-

colony variants upon prolonged exposure [101]. As another example, Streptococcus 

mutans and Streptococcus gordonii are normally found in inverse proportions in dental 

plaque, because S. gordonii restrains several quorum sensing pathways in S. mutans 
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[102,103]. Therefore, using non-growth-inhibiting natural products as medicines or 

adjuvants may be a broadly applicable tactic to combat infectious agents. The examples 

we have highlighted collectively point to an exciting and productive next wave of 

discovery for new natural products and new approaches to treat problematic 

microorganisms.   

 

Novel strategies facilitate specialized metabolite discovery in microbial interactions 

As we develop new interaction-based approaches for discovery, new tools are 

needed to make isolation and analysis more efficient (Table 1). Historically, antimicrobial 

drug discovery exploited cultivable soil microorganisms, but even these efforts only 

captured a fraction of the biological diversity of microbes in nature [79]. In a new 

development for culturing bacteria, Ling and colleagues used an iCHIP device to isolate 

previously uncultured bacteria out of complex communities [39]. The antibiotic 

teixobactin, identified from this strategy, is the first member of a novel antibiotic class and 

is active against Gram-positive pathogens [39,104]. In addition explorations of other 

environments, such as marine sediments, suggest that new natural products will follow the 

discovery of new species [105,106]. Metagenomic methods expand views of bacterial 

genomes as sources for new natural products by previously understudied taxonomic 

groups [107]. Along with recognition of the antibiotic-producing potential of microbes, 

advanced and creative culturing methods facilitate identifying interaction activities. For 

instance, microfluidics, a technique widely used in large-scale or high-throughput 

screening, enables focused study of small collections of cells, either single species or more 
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elaborate interactions, during cultivation [68,108–110]. Transwell chambers are a method 

for maintaining separation of two or more species, or even a microbial community while 

allowing their diffusible metabolites to pass through a membrane [87,111]. For the same 

purpose, bioreactor systems provide a format for larger scale cultivation [112]. These 

culturing methods facilitate the study of molecular and chemical interactions between 

microorganisms at different scales, which may influence the modes of interaction detected 

and the metabolites available for isolation and further study. 

Many new technological innovations show great promise for capturing and 

identifying new antibiotics. For example, metabolic transcriptome monitoring and other 

approaches to monitor biosynthetic gene expression may enhance discovery, as in the case 

of orsellinic acid [113]. A high-throughput elicitor screening (HiTES) approach, with the 

insertion of a reporter gene into the BGC of interest, provides a rapid read-out for gene 

expression, leading to the corresponding molecule(s) [114]. Imaging Mass Spectrometry 

(IMS) enables visualization of the spatial distribution of molecules during microbial 

interactions, which promote identification of relevant metabolites, as in the cases of 

elaiophylin [115], bioconverted phenazines [116], and hydrolyzed surfactin [117]. 

Droplet-liquid microjunction-surface sampling probes (droplet probe) enable spatial 

microextraction of specialized metabolites from co-culture samples [118]. Mass 

spectrometry networking, a tandem mass spectrometry (MS/MS) data organizational 

approach, allows not only finding molecules with structural similarity to known molecules 

(same type of biosynthetic pathways), but also new molecules such as retimycin 

[115,119,120]. Advanced computational approaches, such as Protein and Small Molecule 
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MALDI BioInformatics (IDBac), MS-based principal component analysis, and other 

biochemometric analyses, help simplify otherwise complicated data analysis, enhancing 

efficiency in identifying chemical forms of natural products [121–123].  

Given these and many other new technological advances, in combination with 

powerful computational tools for analyzing datasets and structural details of metabolites, 

the field is primed for microbial interactions to become a wellspring of new natural 

product discovery. 

This chapter gave an overview of the microbial specialized metabolites, 

biosynthetic diversity of those molecules, available tools facilitating the investigation, and 

future perspectives of specialized metabolites. 
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Table 1. Novel strategies facilitate specialized metabolite discovery in microbial 

interactions 

 

 

 

 

 

  

 Strategies Molecules References 

Culturing 

formats 

iChip teixobactin [39] 

Bioreactor system undecylprodigiosin [112] 

Transwell system amycomicin [87] 

Microfluidic system N-acyl homoserine lactone [110] 

Transcriptome monitoring orsellinic acid [113] 

Analytical 

tools 

Reporter fusion thiocillin, albuquinone A [27,114] 

IMS 

thiocillin, elaiophylin, 

efomycins A and G and 

desferrioxamines 

[27,115,116,12

4] 

Droplet probe 

dechloro- 5′-

hydroxygriseofulvin, 

hirsutatin A, etc. 

[118] 

Mass spec networking 

etimycin, elaiophylin, 

actinomycins D, X2, X0b, 

desferrioxamines 

[115,119,120,1

24] 

IDBac 
surfactin, plipastatin, 

desferrioxamine 
[123] 

Biochemometric analysis altersetin, macrosphelide A [121] 
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Dissertation overview 

In the following chapters, several genetic approaches have been developed and 

applied to study bacterial specialized metabolism. 

In chapter II, I first adopted pCRISPomyce-2 based CRISPR-Cas9 mutagenesis in 

non-standard model organism S. Mg1 and found limitations in transformation recovery. 

To overcome the limitations, a CRISPR interference (CRISPRi) system was established, 

which uses catalytic inactive dCas9 expressing from an integration plasmid to knockdown 

target gene expression. The CRISPRi system greatly increases the efficiency of 

transformation recovery in S. Mg1. I validated the CRISPRi system by targeting known 

BGCs in S. coelicolor and S. Mg1. But a partial knockdown effect was observed with 

CRISPRi targeting S. Mg1 surfactin hydrolase function or linearmycins production. To 

further optimize the CRISPRi in S. Mg1, I upgraded the system by adding additional guide 

RNA (in total two sgRNAs) targeting in proximal distance and finalized the dual-CRISPRi 

system. The dual-CRISPRi extensively diminish the production of targeted specialized 

metabolic pathways in S. Mg1. 

In chapter III, I focused on identifying uncharacterized specialized metabolite 

biosynthetic gene clusters. Using a combination of bioinformatic, genetic, and 

metabolomic approaches, I identified the previously uncharacterized lavendomycin 

biosynthetic pathway from S. Mg1 and the potential biological functions for 

lavendomycin. In addition, a thiopeptide candidate, of which possible fitness function was 

also discovered using these comprehensive approaches.  
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In chapter IV, by taking advantage of the genetic approach, I uncovered LoaP-

dependent regulation in difficidin and macrolactin BGCs in Bacillus velezensis and 

extended my investigation of other potential regulatory elements in the bacillaene BGC in 

B. subtilis.  

Last, chapter V contains conclusions of this dissertation and discussions of future 

directions.  
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CHAPTER II  

DEVELOPING GENOME-WIDE SPECIALIZED METABOLITE SCREENING IN 

STREPTOMYCES SP. MG1 

 

Introduction 

Microorganisms live among diverse collections of species within their natural 

habitats. The emerging view of these microorganisms is that they survive in their 

community in part by synthesizing metabolites or enzymes to enhance their competitive 

fitness [125]. The specialized metabolites have various biological activities, acting as 

signaling chemicals, siderophores, and antimicrobials [6,9]. However, the relevant 

functions and biological significance are still unclear for the vast majority of specialized 

metabolites. 

Genes encoding biosynthetic machinery for specialized metabolites are usually 

clustered in the genomes of bacteria [34]. These specialized metabolite biosynthetic gene 

clusters (BGCs), range in size from a few kilobases to over 100 kilobases [126–129]. 

BGCs usually involve genes encoding biosynthetic enzymes, resistance determinants, and 

regulatory proteins [128]. Advanced genomic and bioinformatic predictions have revealed 

that earlier chemical explorations only captured a small proportion of biochemical 

potential from these bacteria genomes [37,130]. And those explored compounds are 

usually the most abundantly produced metabolites, leaving the remaining specialized 

metabolites masked and unidentified. In addition, conventional bioactivity screens no 

longer yield sufficient novelty in specialized metabolite discovery [61]. Thus, to minimize 
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the possibility of rediscovery of known compounds, and improve the efficiency of 

identifying unknowns, targeted genomic driven strategies will expedite discovery and 

characterization of unknown BGCs embedded in microbial genomes [131]. 

In recent decades, classic genetic strategies have been developed to exploit 

microbial chemical potentials. Those tools include manipulating pathway-specific 

regulators, activator overexpression, or repressor deletion to the specific BGC of interest 

[132]. An alternative targeted approach is expressing the entire BGC in a heterologous 

host to improve the detection of the BGC product [133–136]. In addition, untargeted 

methods include chemical elicitors, or engineered transcription or translation machinery, 

such as AfsQ1 [137]. Alternatively, manipulation of global regulators such as Crp 

(regulator of carbon catabolite repression in E. coli) [138] and Lsr2 (lepromatous sera 

responsive protein 2) [139] may enhance expression of BGCs. However, even with these 

methods, the efficiency in identification of new molecules remains low compared to the 

number of BGCs recognized bioinformatically [140]. In general, identification of 

metabolites of interest mostly relies on antibiotic or potential therapeutic activities of 

specialized metabolites, not necessarily reflecting their natural functions in the microbial 

community. New approaches are needed to capture a greater number of metabolites from 

a given organism, regardless of measurable antibiotic activity. An expanded inventory will 

improve understanding of the physiological roles of specialized metabolites from bacteria. 

Streptomyces are rich sources of metabolites with each genome containing 20–40 

putative BGCs encoding distinct specialized metabolites [141,142]. Targeted genetic 

manipulations will greatly benefit from the characterization of specialized metabolite 
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BGCs and their products. However, traditional methods of mutagenesis are problematic 

in Streptomyces because of the low fidelity of recombination (using standard genetic tools) 

[143,144]. A cosmid-based mutagenesis system has been implemented as the gene editing 

method for Streptomyces, which requires several rounds of time-consuming selection and 

screening [145]. Additionally, the ends of the linear Streptomyces chromosomes, where 

many specialized metabolites clusters reside, are repetitive and contain terminal inverted 

repeats [37]. The unstable chromosome ends could undergo large deletions, 

rearrangements, or even circularization during recombination [146]. Therefore，efficient 

and operable mutagenesis is essential and required for disrupting gene clusters at different 

regions of the chromosome. 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) mediated 

genetic manipulations have been applied and established to the vast majority of model 

organisms [147]. Recent applications of Streptococcus pyogenes CRISPR-Cas9 system, 

as approaches to streptomycete genetics to delete or activate genes and BGCs, provide 

new avenues for discovery of specialized metabolites [148,149]. The available CRISPR- 

related toolkits use varied configurations of Cas9 or a catalytically dead variant of Cas9 

(dCas9) [150–154]. For example, the pCRISPomyces-2 system [150] delivers a targeted 

double-strand break (DSB) in DNA and repairs with homologous recombination. In the 

absence of workable templates for homology-directed repair (HDR), the site-specific 

DNA DSB introduced by Cas9 is repaired through the error-prone nonhomologous end 

joining (NHEJ) pathway, resulting in a library of deletions with variable sizes around the 

targeted sequence [152,155].  



 

31 

 

In contrast to CRISPR-Cas9, the CRISPR interference (CRISPRi) has been 

established using dCas9, the nuclease-deficient Cas9, to block transcription initiation or 

elongation, thus repress gene expression [156,157]. The current CRISPRi system 

demonstrated in S. coelicolor controls the expression of target genes [152,154]. 

Here we develop an efficient dual-sgRNA CRISPRi system to diminish specific 

BGC products in Streptomyces. We show that the constitutive dual-sgRNA CRISPRi 

system provides stable disruption of specialized metabolite BGC products. Comparing 

wildtype and CRISPRi-repression strains allows us to detect specific defects and improve 

metabolite identification. This method provides an efficient genetic screening tool to 

access functions and specialized metabolites associated with the BGCs in genomes of 

Streptomyces spp. and to expand our understanding of the biological and ecological roles 

of specialized metabolites. 

 

Results 

CRISPR/Cas9 mediated gene disruption in Streptomyces sp. Mg1 

Streptomyces sp. Mg1 (S. Mg1) is a non-standard model organism, which has been 

mostly used to study interactions between species [94,117]. Thus far, only two of its 

specialized metabolites, chalcomycin A [158] and linearmycins [94] have been reported 

using chemical and genetic approaches. Analysis of the complete genome sequence using 

antiSMASH (antibiotics and secondary metabolite analysis shell) [159] predicted, in total, 

28 specialized metabolite BGCs, including nonribosomal peptides (NRPS), polyketides 

(PK), terpenes and ribosomally encoded, post-translationally modified peptides (RiPPs). 
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Although the specific metabolic products of most candidate BGCs are unknown, 

bioinformatics-based predictions imply that some of those are likely to synthesize 

molecules with novel structures.  

To test if CRISPR-Cas9 can be used to inactivate BGCs in S. Mg1, we adopted 

pCRISPomyces-2 system and applied it to five different BGCs (linearmycins and four 

unknown BGCs). In the three out of five test cases, we obtained either frameshift 

disruptions or gene deletions, with a very wide range of editing efficiencies (8.33–75%) 

(Table 2). In the two failed cases, failure was due to inability to obtain correct 

exconjugants after conjugation. Consistent with other reports [160,161], the overall 

efficiency of pCRISPomyces-2 mediated transformation recovery is low. Based on the 

variable efficiency of recovery, we sought an alternative method for genome-wide 

depletion of specialized metabolites.  

 

 

 

Table 2. BGC editing result using pCRISPomyces-2 system in S. Mg1 

 

Cluster Type Predicted BGC  

(% of gene similarity) 

Editing efficiency 

edited/total exconjugants 

Cluster 3 T1PKS maklamicin (6%) 1/6 

lny cluster T1PKS ECO-02301 (75%) 0/4 

Cluster 10 
T1PKS-

Terpene A201A (8%) 

null 

Cluster 15 lantipeptide meilingmycin (2%) 3/4 

Cluster 28 nrps kirromycin (6%) 1/12 

Predicted BGCs are designated with numbers based on their chromosomal loci. The number of 

total exconjugants recovered was additive from multiple rounds of conjugation experiments. 
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CRISPRi-based specialized metabolite disruption in Streptomyces coelicolor 

To overcome the limitation caused by inefficient DNA break and repair, we 

constructed a CRISPRi plasmid named pCZ2, using adopted elements from 

pCRISPomyces2. To test if pCZ2 could be used to efficiently and precisely knock down 

the production of specialized metabolites in Streptomyces, we selected the well-

characterized actinorhodin (ACT) and undecylprodigiosin (RED) BGCs in S. coelicolor. 

S. coelicolor carrying pCZ2 with 20 nt guide RNAs independently targeting redD 

(activator of RED cluster) promoter and actORF1 gene (biosynthetic gene of ACT cluster) 

substantially reduced production of the corresponding pigments (Figure 5). It took two 

weeks to generate, cure, and verify the engineered strains, which largely shortened the 

period originally required to engineer strains in Streptomyces. 

  



 

34 

 

 
 

Figure 5. CRISPRi effectively diminish the pigment production in S. coelicolor 

(A) pCZ2 system targeting the RED BGC. The template strand sgRNA was designed to 

target the promoter region of redD, while the non-template strand sgRNA was designed 

to target within the redD gene. The photo was taken after 48 hours of incubation on R2YE 

agar. The CRISPRi targeting the redD promoter region showed abolished RED 

production. The CRISPRi targeting within redD ORF showed reduced RED, suggesting a 

partial knockdown effect. (B) pCZ2 system targeting the ACT BGC. Both non-template 

strand sgRNAs were designed to target biosynthetic gene actI-ORF1 (adopted from [152]) 

and pathway specific regulator actII-ORF4, respectively. The photo was taken after 72 

hours of incubation on R2YE agar. The CRISPRi targeting actI-ORF1 showed 

dramatically reduced ACT production, while the CRISPRi targeting actII-ORF4 showed 

a reduced effect. 

 

 

 

CRISPRi partially reduced the surfactin hydrolase production in S. Mg1 

To further test the efficacy of pCZ2 in our non-standard model organism S. Mg1, 

we initially targeted a single gene, sfhA, for which simple phenotypic assays are available 

to identify mutants [117]. Gene sfhA encodes for surfactin hydrolase. In cultures with B. 
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subtilis, surfactin hydrolase protects the development of S. Mg1 aerial hyphae from the 

inhibitory effects of surfactin. In the absence of sfhA, a circular region of bald hyphae 

appears around a B. subtilis colony due to disruption of aerial development by surfactin. 

Thus, mutants in surfactin hydrolase are identified by the absence of a bald surface on S. 

Mg1 near B. subtilis. To examine if the CRISPRi targeting strain promotes the aerial 

inhibitory activity, we applied equal amount of B. subtilis culture in the center of a lawn 

of 106 S. Mg1 spores. The ΔsfhA strain showed a region of balding with 9.8±0.05 mm 

diameter. Contrastingly, the CRISPRi targeted strain had a diminished region of balding 

with 3.7±0.05 mm diameter (Figure 6). The measurement indicated that CRISPRi is active 

in knockdown of sfhA expression, but the plasmid construct resulted in an apparently 

intermediate phenotype. Therefore the pCZ2-based CRISPRi appears to function in S. 

Mg1, although it may not fully abolish SfhA production.
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Figure 6. CRISPRi partially reduced the surfactin hydrolase production in S. Mg1 

When co-cultured on MYM agar, surfactin produced by wild-type B. subtilis (center) is 

hydrolyzed by surfactin hydrolase produced by S. Mg1 (periphery). Alteration in those 

two components would change the interaction pattern between these two organisms. With 

the presence of SfhA enzyme, S. Mg1 is able to develop aerial hyphae (white) (left). Loss 

of SfhA, S. Mg1 development is blocked by surfactin, forming a balding zone with 

9.8±0.05 mm diameter (middle). Targeting surfactin hydrolase with CRISPRi, an 

intermediate phenotype is observed, with 3.7±0.05 mm diameter balding (right). 

 

 

 

CRISPRi partially reduced the linearmycins production in S. Mg1 

The second test of pCZ2 focused on the ~180 kilobase linearmycins BGC. The 

lnyI gene encodes an acyltransferase, loading the first substrate in the linearmycins 

biosynthetic pathway. The larger biosynthetic ORFs are all organized and transcribed 

downstream of the lnyHA promoter in one, giant operon (Figure 7A). Previous work 

demonstrated that deleting the lnyI gene abolishes the production of linearmycins, which 

cause B. subtilis lysis when co-cultured [94]. Ideally, a single transcriptional unit would 

be targeted for a complete CRISPRi-mediated shutdown of BGC expression and product 

biosynthesis. However, due to the complexities of multiple BGC transcriptional units and 

enzyme functional requirements for biosynthesis, it is challenging to identify ideal sgRNA 
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sequences within linearmycins BGCs. Initially, we designed multiple sgRNAs 

respectively targeting lnyI and the predicted promoter region (lnyHA-utr) and ribosome 

binding site (RBS) (lnyHA-rbs) of lnyHA to increase the possibility of successful 

knockdown. We compared and quantified the production of linearmycins between 

different CRISPRi strains, wild type, and the lnyI deletion strain through both lysis assay 

and high-performance liquid chromatography (HPLC). In this case, only a minor lysis 

phenotype was detected for each target, lnyI, lnyHA-utr, or lnyHA-rbs in co-culture with 

B. subtilis, indicating the linearmycins production was reduced but not abolished by 

CRISPRi (Figure 7B). HPLC detected a reduced amount of linearmycins produced by all 

three CRISPRi targeting strains (Figure 7C). This is consistent with the intermediate 

phenotype observed in the sfhA test. Taken together, our results suggest that the single 

CRISPRi complex delivered by pCZ2 was insufficient for a complete knockdown.  

Based on the phenotypes for both sfhA and linearmycins BGC, we sought to 

directly measure the CRISPRi knockdown efficiency in S. Mg1. We used qRT-PCR to 

measure transcript levels of the lnyI and lnyHA genes, which are downstream of the 

sgRNA targeting sites. Our data revealed no statistically significant reduction in transcript 

abundance using the pCZ2 system and a single guide RNA for each target (Figure 7D). 

Given the observed phenotypic reduction in lysis of B. subtilis, we speculated that 

CRISPRi was having either a moderate impact on transcription, undetected by our qRT-

PCR, or a post-transcriptional impact on expression [162,163]. In either case, we 

hypothesized that while one dCas9 complex might have a moderate effect, adding a second 

guide RNA may have an additive effect on product formation. 
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Figure 7. CRISPRi partially reduced the linearmycins production in S. Mg1 

(A) Linearmycins biosynthetic gene cluster. (B) When co-cultured with S. Mg1 (white 

colonies), all B. subtilis colonies were observed with lysis except for co-cultured with 

ΔlnyI S. Mg1 strain. The bottom panel shows zoomed interaction between two species. 

(C) Quantitative comparison of linearmycins production in S. Mg1 strains using HPLC. 

Linearmycins peaks were detected by the UV absorbance 333 nm. Peak areas of 

linearmycins were normalized to total DNA content, representing the sampling cell 

population. (D) qRT-PCR was used to determine the relative fold expression of lnyI and 

lnyHA in wildtype S. Mg1 and CRISPRi with single guide RNA strains after 48 hours of 

growth. The error bars represent the standard deviation of the fold difference. 
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A dual-sgRNA CRISPRi approach abolishes BGC product formation 

To determine the effect of a dual-sgRNA approach, we added an additional guide 

RNA into our previous pCZ2 system. The new pCZ2+ plasmid carries two sgRNAs 

targeting the linearmycins BGC. In an initial configuration, we selected the promoters of 

lnyI and lnyHA simultaneously. We performed the lysis assay against B. subtilis to detect 

whether linearmycins were produced. Unfortunately, the lysis pattern was observed, 

indicating linearmycins were still produced. We next used an alternative arrangement, 

targeting the upstream region of lnyHA with two sgRNAs simultaneously. In this case, we 

observed a nearly complete disruption of linearmycins production (Figure 8). The result 

indicated that two sgRNAs in close proximity, which we designated as dual-sgRNA 

CRISPRi system, would provide an effective block to the expression of an active BGC 

and subsequent formation of the corresponding product metabolite.  
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Figure 8. Dual-sgRNA CRISPRi additively abolishes linearmycins production. 

(A) Dual-sgRNA approach and arrangement of guide RNAs within linearmycins BGC. 

The sgRNA targeting region is marked in blue. (B) Co-culture based lysis assay was used 

to access the efficacy of the dual-sgRNA strategy. B. subtilis colonies were observed with 

lysis when co-culture with wildtype S. Mg1 and dual-sgRNA CRISPRi targeting lnyHA-

utr and lnyI simultaneously. When co-cultured with dual-sgRNA CRISPRi targeting 

lnyHA-utr and lnyHA-rbs simultaneously, no lysis was observed in B. subtilis colony, 

which resembles the interaction phenotype of ΔlnyI S. Mg1 strain. The bottom panel 

shows zoomed interaction between two species. (C) Detection of linearmycins produced 

from S. Mg1 strains by HPLC. Linearmycins were monitored by the UV absorbance 333 

nm. 
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We next examined whether dual-sgRNA CRISPRi would have a similar effect on 

an unrelated BGC in S. Mg1. We designed single and dual sgRNAs targeting the upstream 

region of desA gene in the desferrioxamine BGC. A consistent pattern was detected 

regarding the productivity of desferrioxamine. An additive effect was observed with dual-

sgRNA CRISPRi targeting strain, but single sgRNA had only a minor influence (Figure 

9). Meanwhile, we tested the downstream transcription of targeted genes. A less than 2-

fold decrease was detected in all CRISPRi targeted genes comparing to the empty vector 

control. 

 

 

 

 
 

Figure 9. Dual-sgRNA CRISPRi additively diminishes desferrioxamine production. 

(A) Desferrioxamine biosynthetic gene cluster. The sgRNA targeting region is marked in 

blue. (B) Quantification of desferrioxamine production from wilt type S. Mg1 and 

CRISPRi mutants. UV absorbance 430 nm wavelength measures ferrioxamine (an iron-

chelating form of desferrioxamine). 
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Discussion 

Bacteria have great potential for making chemically diverse specialized 

metabolites. This undiscovered potential is predicted from the multiple biosynthetic gene 

clusters embedded in their genomes [37]. Traditional antibiotic activity based discovery 

of specialized metabolites only captures one or several of the most abundantly produced 

metabolites from a given organism. Because the majority of metabolites produced by 

recognized BGCs are unknown, it is unclear what other functions specialized metabolism 

have for bacteria. Both targeted and untargeted genetic strategies have been developed to 

access and identify the unknown specialized metabolites [132,164]. To avoid 

identification of metabolites studied previously, we adapted, optimized, and finalized a 

targeted, CRISPR-Cas9 based genetic approach to efficiently manipulate BGCs in S. Mg1. 

We are currently working on the dual-sgRNA CRISPRi approach to show how it is 

effective in the identification of new metabolites. 

In previous work, disruption of linearmycins biosynthesis in S. Mg1 was achieved 

by deletion of the lnyI acyltransferase using the REDIRECT procedure [165,166]. The 

mutagenesis relied on a cosmid library and several time-consuming steps before selected 

and verified. The whole process took more than a month and is subject to failure at each 

step. As is typical for non-model organisms, recovering exconjugants in S. Mg1 has 

always been a problem. The time period making one gene deletion can be extended to 

months, which greatly limits the downstream study. This fact motivated me to engineer a 

more efficient strategy to disrupt specialized metabolism in S. Mg1 and other 

streptomycetes of interest. 
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Genetics in Streptomyces is being accelerated with the application of S. pyogenes 

CRISPR-Cas9 based gene editing [150,152,153,155]. CRISPR-Cas9 is widely used in the 

genetic engineering of Streptomyces because of its convenience, timesaving, and high 

efficiency. For the purpose of surveying and disrupting the microbial genome for 

specialized metabolite, efficient genetic manipulation is crucial. Most CRISPR-Cas9 

systems rely on a 20 nt single guide RNA, complementary to the target sequence ending 

with NGG, which recruits the Cas9 protein complex to bind and cleave at both strands of 

DNA [167]. When we adapted and applied the pCRISPomyces-2 system to our non-

standard model organism S. Mg1, we successfully generated three gene disruption 

mutants. However, we encountered several problems in recovering mutant strains. For 

example, when generating gene deletion in Cluster 10, an uncharacterized PKS-terpene 

hybrid BGC (Table 2), we were unable to recover any S. Mg1 colony after conjugation. 

When the pCRISRPomycs-2 system was used to make deletion in lnyI gene, the recovered 

mutants were unable to produce linearmycins. When diagnosed with PCR to verify precise 

mutagenesis, these mutant genomic DNAs were not able to be amplified with primers 

annealing at flanking region upstream and downstream lnyI, suggesting loss or 

rearrangement of the chromosomal fragment. Competition assay revealed that these 

mutants are hypersensitive to B. subtilis, a phenotype associated with losing large DNA 

fragments in S. Mg1 chromosome (S. Mg1 ∆37). Thus we deduced that the failure to obtain 

mutants could be due to the introduction and repair of DSBs. The bacterial DSB repair 

mainly relies on HDR pathways. The induction of a DSB by CRISPR-Cas9 creates severe 

stress for cells. In Streptomycetes, such stress could result in large-scale genomic deletions 
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and facilitate genome rearrangements in their linear chromosomes [168]. Thus, the 

existing CRISPR-Cas9 system is not ideal for a precision, genome-wide approach to probe 

specialized metabolites in some Streptomyces. 

Inspired by the pCRISPomyces-2, we generated our pCZ2 CRISPRi integration 

system, which bypasses the need for recombination via DSBs and HDR in Streptomyces. 

Our results suggest that the pCZ2 system improves the conjugation and recovery 

efficiency. Meanwhile, the single guide RNA based pCZ2 CRISPRi effectively reduced 

the production of S. coelicolor RED and ACT BGCs and partial knockdown in S. Mg1 

sfhA gene and lny BGC. We further optimized the system by adding additional sgRNA to 

the current pCZ2 system. Our data demonstrated that the dual-sgRNA CRISPRi system 

simultaneously targeting the promoter region in close distance could maximally reduce 

the production of BGCs. However, although with the observation of disruption phenotype 

caused by dCas9 effect, we detected no evident impairment in transcriptional level. Our 

observations are conflicting with most of the reported mechanisms on how dCas9 works 

in vivo [156,157,169]. It is still not clear how dCas9 works in this and other high GC 

organisms. But similar observations have been reported in eukaryotes, such as HeLa cells 

[163]. A decrease in protein concentration was detected, along with no evident change in 

the corresponding mRNA level. In vitro evidence manifests that Cas9 enzymes have the 

ability to act on both DNA and RNA [162]. Possible explanations demonstrated in yeast, 

rather than acting simply as a roadblock, sgRNA/dCas9 binding creates an environment 

that is permissive for transcription initiation/termination, thus generating novel sense and 

antisense transcripts [170]. 
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Our data demonstrate that the dual-sgRNA CRISPRi system substantially disrupts 

the BGC. We noticed that the recovery of apramycin resistant strains in S. Mg1 was 

enhanced by a factor greater than 100-fold compared to using pCRISPomyces-2. This 

observation supported our previous hypothesis that the rate-limiting step could be the 

DNA DSB-repair process. More importantly, that dual-sgRNA CRISPRi based strain 

engineering overcomes the major limitations, low recovery efficiency in conjugation and 

partial diminish in BGC product with single CRISPRi system. This optimized dual-

CRISPRi based method would allow us to test different sgRNAs and combinations 

targeting BGCs of interest in a given Streptomyces genome in a relatively short time 

period. 

 

Material and Methods 

Strains and growth conditions 

Strains and plasmids used in this study are listed in Table 3. We cultured E. coli 

strains at 37 °C in lysogeny broth (LB) [1% tryptone (Bacto), 0.5% yeast extract (BBL), 

0.5% sodium chloride (Sigma)] or on LB agar plates [1.5% Agar (Bacto)]. Streptomyces 

strains are propagated in MYM [0.4% malt extract (Bacto), 0.4% yeast extract (BBL), 

0.4% D-(+)-maltose monohydrate (Sigma)] medium at 30 °C, unless otherwise indicated. 

Spore preparations are similar to those described by Keiser and Bibb [171]. For spore 

preparations, a lawn of Streptomyces was plated or streaked on agar plates containing 

MYM for S. Mg1, Mannitol Soya Flour (MS) medium for S. albus, R2YE for S. coelicolor, 

and incubated at 30 °C until the formation of thick spores. Spores were collected from 
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plates using 5-mm cell scrapers (vendor) and resuspended in 1 mL sterile water and stored 

at 4 °C. A typical spore prep contains around 108~1010 spores per milliliter as determined 

by serial dilution plating and calculating based on CFU. 

 

Construction of CRISPRi shuttle plasmids 

All DNA manipulations were carried out in Escherichia coli DH5α. Primers and 

protospacers (sgRNAs) used in this study are listed in Table 4. Restriction enzymes were 

obtained from New England Biolabs. The rpsL promoter, Cas9, and protospacer cassette 

(including gapdH promoter, lacZ, tracr RNA, and terminator) were adopted from 

pCRISPomyces-2 plasmids [150]. Two non-synonymous mutations, D10A and H840A, 

were incorporated to deactivate Cas9 cleavage activity. The DNA fragment was 

synthesized by IDT Synthetic gBlocks, comprising rpsL promoter sequence minus BsaI 

restriction site and point mutation D10A (GAC→GCC). We assembled synthesized DNA 

fragment, amplified dCas9 with point mutation H840A (CAC→GCC), and protospacer 

cassette from pCRISPomyces-2, with an integration plasmid backbone pSET152. The 

finalized CRISPRi integration plasmid pCZ2 carries a φC31 attP site and a gene codes for 

integrase. (Figure A1). The protospacer of a target cluster was first inserted via BsaI-

mediated golden gate assembly as previously described [150]. The second protospacer 

cassette was subsequently inserted by Gibson assembly using XbaI linearized construct 

containing the first protospacer cassette.  
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Table 3. Bacterial strains used in Chapter II 

Strains  Description Source 

PDS0506 Esherichia coli DH5α Laboratory collection 

PDS0002 Esherichia coli ET12567 Laboratory collection 

PDS0061 Streptomyces coelicolor Laboratory collection 

PDS0543 Streptomyces sp. Mg1 Laboratory collection 

PDS0066 NCIB3610 undomesticated Bacillus subtilis Laboratory collection 

PDS0930 S. coelicolor attB::pCZ2 Ω(lacZ::redD 

sgRNA) 

This study 

PDS0928 S. coelicolor attB::pCZ2 Ω(lacZ:: PredD 

sgRNA) 

This study 

PDS0927 S. coelicolor attB::pCZ2 Ω(lacZ:: actI-

ORF1 sgRNA) 

This study 

PDS0929 S. coelicolor attB::pCZ2 Ω(lacZ:: actII-

ORF4 sgRNA) 

This study 

PDS0997 S. Mg1 attB::pCZ2  This study 

PDS0998 S. Mg1 attB::pCZ2 Ω(lacZ::lnyI sgRNA) This study 

PDS0999 S. Mg1 attB::pCZ2 Ω(lacZ:: lnyHA-utr 

sgRNA) 

This study 

PDS1000 S. Mg1 attB::pCZ2 Ω(lacZ:: lnyHA-rbs 

sgRNA) 

This study 

PDS1001 S. Mg1 attB::pCZ2 Ω(lacZ:: lnyHA-utr lnyI 

sgRNA) 

This study 

PDS1002 S. Mg1 attB::pCZ2 Ω(lacZ:: lnyHA-utr 

lnyHA-rbs sgRNA) 

This study 

PDS1003 S. Mg1 attB::pCZ2 Ω(lacZ:: desA-utr 

sgRNA) 

This study 

PDS1004 S. Mg1 attB::pCZ2 Ω(lacZ:: desA-rbs 

sgRNA) 

This study 



 

48 

 

Table 3. Continued 

Strains  Description Source 

PDS1005 S. Mg1 attB::pCZ2 Ω(lacZ:: desA-utr desA-

rbs sgRNAs) 

This study 

PDS0830 S. Mg1 cluster 3 frameshift deletion This study 

PDS0839 S. Mg1 ΔM444_22370 in cluster 15  This study 

PDS0837 S. Mg1 frameshift deletion in cluster 28  This study 

PDS1006 S. Mg1 lnyI frameshift deletion This study 

Plasmids Description Source 

pCRISPomyces-

2 

AprR, oriT, reppSG5(ts), oriColE1, sSpcas9, 

synthetic guide RNA cassette 

[150] 

pCZ2 pSET152 Ω (lacZ::PrpsL-dcas9 synthetic 

guide RNA cassette) 

This study 
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Table 4. Oligonucleotides used in Chapter II 

Oligonucleotide Sequence Description 

CZ107 CGCAAGTTGTACAGGCTGGGTCCG redD gRNA, S. 

coelicolor CZ108 AACACGGACCCAGCCTGTACAACT 

CZ131 CGCAGTCCGGAGCCAGCCAAAGAT PredD gRNA, S. 

coelicolor CZ132 AACAATCTTTGGCTGGCTCCGGAC 

CZ133 CGCAAGGAGGCTCGAAGGCCGATA actI-ORF1 gRNA, S. 

coelicolor  CZ134 AACATATCGGCCTTCGAGCCTCCT 

CZ109 CGCAGTCGCCTTCGAGGATTTAAG actII-ORF4 gRNA, S. 

coelicolor CZ110 AACACTTAAATCCTCGAAGGCGAC 

CZ101 CGCACGACCTCGGCAAAGGACGCG lnyI gRNA, S. Mg1 

CZ102 AACACGCGTCCTTTGCCGAGGTCG 

CZ103 CGCATGCGGACGGCTGTAGTCGAG sfhA gRNA, S. Mg1 

CZ104 AACACTCGACTACAGCCGTCCGCA 

CZ129 CGCAATTCCGAATGTCTTTGTCAT lnyHA-utr gRNA, S. 

Mg1 CZ130 AACAATGACAAAGACATTCGGAAT 

CZ127 CGCAGGCTCCACAGAAACCCCTAA lnyHA-rbs gRNA, S. 

Mg1 CZ128 AACATTAGGGGTTTCTGTGGAGCC 

CZ194 CGCACAGTCAAACCAAATAGGGAT desA-utr gRNA, S. 

Mg1 CZ195 AACAATCCCTATTTGGTTTGACTG 

CZ196 CGCAGAGCGCATCAACTTTCCTCC desA-rbs gRNA, S. 

Mg1 CZ197 AACAGGAGGAAAGTTGATGCGCTC 

CZ045 ACGCCGCGGTGACACCCGCGCAGG Cluster 3 deletion 

gRNA, S. Mg1 CZ046 AAACCCTGCGCGGGTGTCACCGCG 

CZ040 ACGCAGACCACCGACGTACGGGTG Cluster 10 dedeletion 

gRNA, S. Mg1 CZ039 AAACCACCCGTACGTCGGTGGTCT 

CZ061 ACGCTTTCGAGGTCGAAATCAGAG Cluster 15 deletion 

gRNA, S. Mg1 CZ062 AAACCTCTGATTTCGACCTCGAAA 
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Table 4. Continued 

Oligonucleotide Sequence Description 

CZ055 ACGCCGCGATGCTGGGGATCTGGG Cluster 28 deletion 

gRNA, S. Mg1 CZ056 AAACCCCAGATCCCCAGCATCGCG 

CZ030 ACGCCGACCTCGGCAAAGGACGCG lnyI deletion gRNA, S. 

Mg1 CZ031 AAACCGCGTCCTTTGCCGAGGTCG 

CZ032 TTGCCGCCGGGCGTTTTTTATCT 

AGAGACGTCTTCATCTCGCTGAC 

lnyI deletion left HRD 

CZ033 TTCGCTCCGTCAGGCCGTCACAT 

GATCCGTGAAATACCTTTGC 

CZ034 GCAAAGGTATTTCACGGATCAT 

GTGACGGCCTGACGGAGCGAA 

lnyI deletion right 

HRD 

CZ035 CCTTTTTACGGTTCCTGGCCTCT 

AGACCACCCTGCTCTTCGACCACC 

CZ041 TTGCCGCCGGGCGTTTTTTATCT 

AGACGGAGGTCCGAAGACTGCTG 

Cluster 10 frameshift 

deletion left HRD 

CZ042 CGAAGACCACCGACGTACGC 

CCGGTCCTTGCCGTATC 

CZ043 GATACGGCAAGGACCGGGCGT 

ACGTCGGTGGTCTTCG 

Cluster 10 frameshift 

deletion right HRD 

CZ044 CCTTTTTACGGTTCCTGGCCTCT 

AGAGGGAACGCCGTGAACAACTC 

CZ047 TTGCCGCCGGGCGTTTTTTATCT 

AGATCCCCTACCTGGAGCACTA 

Cluster 3 frameshift 

deletion left HRD 

CZ048 GATGCCGAGGTAGCCCTCCCGT 

AGTCGCTGTACATCAGC 
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Table 4. Continued 

CZ049 GCTGATGTACAGCGACTACGGG 

AGGGCTACCTCGGCATC 

Cluster 3 frameshift 

deletion right HRD 

CZ050 CCTTTTTACGGTTCCTGGCCTCT 

AGACTCGGCAGGAGTGGGTCGA 

CZ057 TTGCCGCCGGGCGTTTTTTATCT 

AGACGCCTACCTCACCCACTCCCG 

Cluster 28 frameshift 

deletion left HRD 

CZ058 GTTCGGCCGGGTCGATCAGGTT 

CCCCGGTGCGTTCGCACA 

CZ059 TGTGCGAACGCACCGGGGAACC 

TGATCGACCCGGCCGAAC 

Cluster 28 frameshift 

deletion right HRD 

CZ060 CCTTTTTACGGTTCCTGGCCTCT 

AGAGCCGTTTGCGGTCGACTTTCC 

CZ063 TTGCCGCCGGGCGTTTTTTATCT 

AGACGTACAGCGCAGAAACTGAG 

Cluster 15 frameshift 

deletion left HRD 

CZ064 ATCACAAAAGGCCGAACAACCG 

GGAATCTCGTTGTTGTTC 

CZ065 AACAACAACGAGATTCCCGGTT 

GTTCGGCCTTTTGTGAT 

Cluster 15 frameshift 

deletion right HRD 

CZ066 CCTTTTTACGGTTCCTGGCCTCT 

AGAGAAGGTGAGGGTCTGGATGA 

CZ067 GACGGCGAGCTGACGTTCG Cluster 28 deletion 

sequencing CZ068 CGGCCAGGGCGTACTTCTC 

CZ069 GCTGCTGGCCCTGGAGATCTC Cluster 10 deletion 

sequencing CZ070 CAGCGCCCGCAGTCCGTAC 

CZ071 GGACTCGGGTGAGAGAGTCA Cluster 15 deletion 

sequencing CZ072 ATGAGCCATTCCACCTCAAG 
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Table 4. Continued 

CZ119 GTGGTCACCCACTGTTTCGT lnyI amplicon qRT-

PCR primers CZ120 GTACGGACAGCATGTGGAAG 

Q21 CTGCCTTCGTACCCGTCATG lnyHA amplicon qRT-

PCR primers Q22 TGCGACCAGTTCACCTTCAG 

 

Interspecies conjugation 

Confirmed recombinant constructs containing either single guide RNA or double 

guide RNAs were transformed into E. coli ET12567. Single colony was propagated in 

liquid LB media containing apramycin and chloramphenicol to OD600 around 0.4. Cells 

were pelleted and washed with LB without antibiotics. Equal volume of E. coli OD600 0.4 

cells were mixed with 106, 107, 108 per milliliter of Streptomyces spores and spotted on 

AS1 [0.1% yeast extract, 0.5% soluble starch, 0.25% NaCl, 1% Na2SO4, pH adjusted to 

7.5 with KOH, supplemented with 0.02% L-alanine, 0.02% L-arginine, 0.05% L-

asparagine, MgCl2 after autoclave] agar plates. Negative control with only Streptomyces 

spores was also spotted on plates. After 16-hour incubation at 30 °C, each plate was 

flooded with 1.5 mL antibiotic solution to result in a final concentration of 50 μg/mL 

apramycin and 30 μg/mL nalidixic acid. After drying, plates were incubated at 30°C for 

2-4 days. 

 

RNA isolation  

Streptomyces cells were harvested and fixed with ice-cold 100% methanol and 

resuspended with RNAprotect Bacteria Reagent (Qiagen). Each sample was vortexed for 
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2 minutes with 300 μm acid-washed glass beads in 2 mL ice-cold lysis buffer [4 M 

guanidine thiocyanate, 25 mM trisodium citrate, 0.5% (w/v) sodium N-lauroyl sarcosinate, 

and 0.8% (v/v) β-mercaptoethanol]. 2 mL of TRI Reagent (Sigma-Aldrich) was added to 

each sample and processed with four rounds of 30 s vortexing and 30 s on ice. After lysis, 

total RNA was extracted according to the standard phenol-chloroform extraction 

procedures. Total RNA was treated with TURBO DNA-free kit (Invitrogen). And the 

overall integrity of the extracted RNA was assessed by agarose gel electrophoresis and 

concentration by Nanodrop (Thermo Scientific).  

 

Quantitative real-time PCR (qRT-PCR) 

DNA-depleted total RNA was reverse transcribed to cDNA with High efficiency 

RNA to cDNA kit (Applied Biosystems). The consistent amount of cDNA was added to 

qRT-PCR reaction using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and 

a CFX96 Touch real-time PCR thermocycler (Bio-Rad). The detailed cycling parameters 

are as follow: initial denaturation at 95 °C for 2 min; 40 cycles of 30 s denaturation at 95 

°C, 30 s annealing at 60 °C, and 30 s extension at 72 °C; a final melting curve for 5 min 

from 65 °C to 95 °C. Each amplicon was run in triplicate reactions. Positive and negative 

controls for qRT-PCR were amplified using genomic DNA and DNA-depleted total RNA 

as templates, respectively. LinReg was used to calculated RNA abundance according to 

amplification cycle values, in consideration of the primer amplification efficiency [172]. 

Gene hrdB was amplified in parallel as internal reference for each sample. All values are 

reported as fold difference relative to hrdB, unless otherwise indicated.  
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Total DNA content measurement 

Diphenylamine solution with 1.5 g of diphenylamine, 10 mL of glacial acetic acid 

and 0.15 mL of concentrated sulfuric acid were prepared. Testing reagent was made by 

adding 50 µL of 1.6% (v/v) aqueous acetaldehyde to 10 mL of diphenylamine solution. 

Freshly collected mycelial pellets were washed twice with 1 x PBS buffer and resuspended 

in l mL of testing reagent. Each sample was heated at 60 ˚C for 1 hour and centrifuged at 

max speed (15,000 rpm) for 5 min. 200 µL of supernatant from each sample was 

transferred into a cuvette for the measurement of absorbance at 595 nm.  

 

Fermentation, extraction, and detection of linearmycins from S. Mg1 strains 

Buffered MYM liquid media (50 mL in 250 mL Erlenmeyer flasks) was inoculated 

with 106 spores/mL of S. Mg1 from a freshly prepared spore suspension. The cultures were 

incubated at 30 °C in the dark, shaking at 250 rpm for 2 days. All linearmycin extraction 

and purification procedures were carried out in the dark as described previously [48]. The 

S. Mg1 mycelial were collected by centrifugation. The mycelial pellet of each sample was 

extracted sequentially with 50 mL of methanol and 50 mL of ethanol room temperature, 

shaking at 200 rpm for 30 min. The extracts were combined and dried in a rotary 

evaporator. The residues were dissolved in 200 μL 85% methanol. The insoluble 

precipitates were removed by centrifugation. The supernatants were transferred to screw-

cap vials for storage or experiment.  

Linearmycins analysis was performed using HPLC with an Agilent 1200 device. 

A 10 μL volume of each sample was injected onto a Luna C18(2) column (4.6 × 250 mm, 
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5 μm; Phenomenex). The run was performed with a flow rate of 1.0 mL/min at 30 °C. 

Samples were eluted with a gradient of 40% CH3CN and 60% of 0.1% (v/v) HCOOH, 

which reached 50% CH3CN and 500% of 0.1% HCOOH after 10 min. A 5 min step with 

75% CH3CN–25% HCOOH was maintained for linearmycin elution. The column was 

equilibrated with 40% CH3CN–60% HCOOH for 5 min. Linearmycin peaks were detected 

at 333 nm as previous reported [94]. We confirmed the specificity of linearmycin peaks 

in the HPLC chromatographs by comparison to samples from S. Mg1 ΔlynI strain 

(abolished linearmycin biosynthesis) and by MALDI-TOF. 

 

Fermentation, extraction, and detection of desferrioxamine from S. Mg1 strains 

50 mL of semi-synthetic media GG1 liquid media, supplemented with 200 μM 2’, 

2’-dipyridyl for iron-deficiency [173], was inoculated with 106 spores/mL of S. Mg1 

strains from a freshly prepared spore suspension. The cultures were incubated at 30 °C for 

4 days, shaking at 250 rpm. The S. Mg1 mycelial were removed by centrifugation. The 

supernatants were lyophilized to dryness and re-dissolved in 200 μL 50% methanol.  

A 40 µL of each sample was mixed with 1 µL of 200 mM ferric chloride for the 

chelation of ferrioxamine before HPLC detection. For quantitative analysis, injecting 

samples (10 µL) were eluted with a gradient of 10% CH3CN and 90% of 0.1% (v/v) 

HCOOH, which reached 40% CH3CN and 60% of 0.1% HCOOH after 5 min. A 2 min 

90% CH3CN–10% HCOOH step was used for washing off the residues from crude 

extracts. The column was equilibrated with 10% CH3CN–90% HCOOH for 3 min. 

Ferrioxamine peak was monitored at UV 430 nm wavelength. Quantitation for each 
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sample was determined by integrating the area under the relevant peaks on the elution 

chromatography. 
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CHAPTER III  

A CRISPR-CAS9 MUTAGENESIS APPROACH TO BACTERIAL SPECIALIZED 

METABOLISM 

 

Introduction 

Microbial specialized metabolites play essential roles in the chemical ecology for 

their producing organisms or even for neighbors sharing the same communities. Some 

biological functions of the specialized metabolites correlate into applications in 

pharmaceutical industry, such as antibiotics, antiviral agents, immunosuppressants and 

pesticides [5,174,175]. Estimates from genome mining in microorganism suggest that 

currently identified specialized metabolites only represent approximately 10% of their 

specialized metabolic potentials [12,18,37,176–178]. The rest unknown metabolites, 

whose biosynthetic gene clusters (BGCs) are either cryptic under standard laboratory 

growth conditions, and/or their products are difficult to identify and isolate within the 

complex metabolomes [132,155,179,180]. Traditional bioactivity screens no longer yield 

sufficient novelty in identifying specialized metabolites，leading to rediscovery of known 

compounds [181–183]. It is therefore necessary to develop an efficient and targeted 

strategy to discover and characterize new specialized metabolites produced by bacteria 

[131]. 

Automated bioinformatics programs, comparing microbial genomic sequences to 

previously identified biosynthetic gene clusters, enable prediction of some specialized 

metabolites based on inference from biosynthetic models [40,184]. In our study case, 
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antiSMASH (antibiotics and secondary metabolite analysis shell) [159] prediction based 

on Streptomyces sp. Mg1 (S. Mg1) genomic sequence (NCBI reference sequence: 

CP011664.1), yields 28 specialized metabolite BGCs, including two previously identified 

chalcomycin A [158] and linearmycins [94] BGCs and other unknown nonribosomally 

synthesized peptides (NRP), polyketides (PK), terpenes and ribosomally encoded, post-

translationally modified peptides (RiPPs), and hybrids (Table 5). Given the specific 

metabolic products of most candidate S. Mg1 BGCs are unknown, the low sequence 

similarity of the BGCs to any known clusters suggests new metabolites may be discovered.  

Bioinformatic prediction of metabolite composition and expression profiling of 

BGCs are two criteria used for prioritizing our specialized metabolic discovery. For 

example, NRPs and RiPPs are highly diverse natural products of bacterial and fungal 

origin. The NRP BGCs share high degree of conservation among the non-ribosomal 

peptide synthetases (NRPSs). During biosynthesis, substrates, usually amino acids, are 

selected and loaded to the assembly line though adenylation (A), peptidyl carrier protein 

(PCP), and condensation (C) protein domains. The multi-modular domain organization of 

NRPS enzymes are usually co-linear, such that the order of substrate incorporation follows 

the order of modules in the BGC coding sequence [185]. Previous studies on substrate 

specificity using predictive programs (e.g. NRPSpredictor or AntiSMASH) make it 

possible to predict substrates used and in some cases the entire backbone of the 

synthesized products [159,186]. 

RiPP BGCs also share relatively low genetic complexity and characteristic 

framework of biosynthesis [187]. The ribosomally synthesized precursor peptides with 
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approximately 50–60 residues comprise the core 14–20 peptide sequence at the C termini 

[55]. In biosynthesis, the core peptides provide the skeleton structures for the mature 

peptides. However, the post-translational modifications vary substantially among those 

BGCs, making these peptide molecules exhibit structural and functional diversities. One 

of the many sub-classes of RiPPs is thiopeptides, best known for their antimicrobial 

activities, such as thiostrepton, thiocillin. These molecules share general biosynthetic 

mechanisms with RiPPs. But differ from RiPPs in their core peptide sequences that are 

highly enriched in serine, threonine, and cysteine, which contribute to oxazole and thiazole 

moieties in the mature thiazolylpeptide. 

Correspondingly, genetic and chemical approaches have been developed to study 

specialized metabolites, such as refactoring BGCs via genome editing, and stimulating 

expression of BGCs by exposure to chemical and biological stimuli [132,164,188]. 

Discovery may follow genetic approaches, typically using direct measurements of 

detectable metabolic outputs from an organism of interest [131]. 
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Table 5. AntiSMASH analyses of Streptomyces sp. Mg1 (NCBI reference sequence: 

CP011664.1 [189]).  

 

Cluster Type From To Predicted BGC  

(% of gene similarity) 

Cluster 1 nucleoside 30256 51167  

Cluster 2 terpene 127319 152797 isorenieratene * 

Cluster 3 T1PKS 501941 550385 maklamicin (6%) 

Cluster 4 nrps-terpene 554730 625429 xantholipin (4%) 

Cluster 5 lantipeptide-terpene 745744 780037  

Cluster 6 NRPS-T1PKS 932552 1006891 
heat-stable antifungal factor 

(62%) 

Cluster 7 terpene 1027112 1048392 2-methylisoborneol *  

Cluster 8 T1PKS 1057302 1246408 ECO-02301 (75%) 

Cluster 9 thiopeptide 1270469 1302825 thaxtomin (18%) 

Cluster 10 T1PKS-terpene 1637598 1706261 A201A (8%) 

Cluster 11 lassopeptide 2448305 2470067  

Cluster 12 siderophore 3145817 3157598 desferrioxamine B *  

Cluster 13 lantipeptide 3564824 3589493  

Cluster 14 lantipeptide 4292765 4317328 guadinomine (7%) 

Cluster 15 lantipeptide 5106228 5130687 meilingmycin (2%) 

Cluster 16 siderophore 5849058 5863480  

Cluster 17 bacteriocin 6103526 6114872  

Cluster 18 terpene 6180567 6202783  

Cluster 19 terpene 6479912 6506775 hopene (53%) 

Cluster 20 lantipeptide 6634722 6657028  

Cluster 21 T1PKS 6881980 6958618 dihydrochalcomycin (77%) 

Cluster 22 lantipeptide Class 3 6975153 7013297 SapB *  

Cluster 23 melanin 7093620 7121271 herboxidiene (3%) 
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Table 5. Continued 

Cluster Type From To Predicted BGC  

(% of gene similarity) 

Cluster 24 siderophore 7189328 7202508  

Cluster 25 T3PKS 7208586 7249647 alkylresorcinol *  

Cluster 26 T2PKS 7234523 7277065 spore pigment (58%) 

Cluster 27 terpene 7293753 7314790  

Cluster 28 NRPS 7509071 7571753 kirromycin (6%) 

Previously observed compounds include linearmycins (cluster 8) and chalcomycins (cluster 21). 

Compounds share 100% gene similarity to known BGCs of molecules but not experimentally 

confirmed are marked with *. 

 

 

 

In Chapter II, we demonstrated targeted CRISPR-Cas9/dCas9 based genetic 

approaches to disrupt or diminish specialized metabolites. In this Chapter, we prioritized 

and focused on two BGCs of interest. We applied the CRISPR-Cas9 to genetically disrupt 

unknown, targeted BGC products in Streptomyces. Comparative analysis in growth 

morphology, competitive fitness and metabolomics between extracts from wildtype and 

deletion strains enabled us to detect metabolic changes and specific defects associated 

with the apparent loss of targeted metabolite(s). It is feasible to access specialized 

metabolites associated with the BGCs in genomes of Streptomyces spp. using these 

comprehensive strategies, combining an efficient genetic tool and comparative analyses 

of metabolic profiles. These multistep approaches lead to identification of an unreported 

biosynthetic mechanism and a new metabolite, expanding our understanding of biological 

and ecological roles of specialized metabolites. 
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Results 

Identification of a lavendomycin NRP biosynthetic gene cluster 

Bioinformatic prediction of non-ribosomal peptide in S. Mg1 

In the genome of S. Mg1, there is only one putative NRPS reported by 

antiSMASH, with 6% sequence similarity to known BGCs (Table 5). The catalytic 

domains of NRPS, substrate selection, and rough core scaffold were attained from 

bioinformatic prediction (Figure 10). We used NCBI protein blast to access and confirm 

the protein classification and function for potential biosynthetic open reading frames 

(ORFs) within the NRP BGC (Table 6). In order to predict possible products, we then 

proposed a biosynthetic scheme for this NRPS by consideration of the domain 

organization and possible enzymatic modifications of substrates (Figure 11A). Although 

the computational domain prediction did not provide us clue about the starter unit 

substrate, we speculated a β-methylarginine monomer, based on the conserved enzyme 

functions for gene A (ketoarginine methyltransferase) and G (beta-methylarginine 

biosynthesis bifunctional aminotransferase) in the gene cluster. The detailed mechanism 

was elucidated for the β-methylarginine biosynthesis through aminotransferase and SAM-

dependent ketoarginine methyltransferase [190,191]. In addition, gene C 

(argininosuccinate lyase) and E (cysteine synthase/ DABA synthase) were postulated to 

be involved in a 2,3-diaminobutyric acid biosynthesis through threonine modification 

[192,193].We propose a model for substrate assembly into a final product, including some 

instances of unresolved ambiguity (Figure 11B-C). In particular, this NRPS does not 

appear to follow a co-linear domain arrangement. The thioesterase (TE) domain typically 
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occurs at the C- terminus of a biosynthetic pathway, in concert with their function, which 

is to hydrolyze and/or cyclize the product. Therefore, TE domains function to dissociate 

the products from the assembly machinery. However, in the S. Mg1 NRPS, the TE domain 

resides at the C terminus of gene M, an intermediate position in the biosynthetic scheme. 

Gene M is followed by gene O, which contains two more monomer assembly machineries 

that do not incorporate a C-terminal TE domain. This unusual TE domain placement 

makes product prediction difficult in regard to monomer assembly order, whether domains 

in gene M or gene O are assembled first, or whether machineries in gene O participate in 

the product biosynthesis. 
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Table 6. Deduced functions of ORFs in the NRP biosynthetic gene cluster 

 

Genes Proteins, corresponding to sequence 

similarity 

Proposed functions 

A ketoarginine methyltransferase methyl-arginine synthesis 

B transporter--Major Facilitator Superfamily  transporter 

C argininosuccinate lyase 2,3-Diaminobutyric acid 

synthesis 

D protein involved in propanediol utilization  

E cysteine synthase/ DABA synthase 2,3-Diaminobutyric acid 

synthesis 

F MbtH-like protein NRPS 

G beta-methylarginine biosynthesis bifunctional 

aminotransferase 

methyl-arginine synthesis 

H NRPS NRPS 

I MbtH-like protein NRPS 

J NRPS NRPS 

K MbtH-like protein NRPS 

L ornithine cyclodeaminase proline synthesis 

M NRPS NRPS 

N threonine aldolase pipecolinic acid synthesis 

O NRPS NRPS 

P metallo-beta-lactamase superfamily resistance 
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Figure 10. AntiSMASH prediction of NRP biosynthetic gene cluster 

 (A) Biosynthetic genes and surrounding ORFs were arranged and alphabetically named. 

Catalytic domains within BGC and possible monomer selections by each adenylation 

domain were predicted as (nrp) + (ser) + (thr – ser) + (pip – pro). (B) Prediction of core 

scaffold based on assumed NRPS co-linearity (tailoring reactions not considered). 
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Figure 11. Proposed biosynthetic scheme and refined structure predictions for NRP 

BGC 

 (A) Biosynthetic scheme was proposed based on the predicted catalytic domains and 

potential modification for substrates. (B) Predicted structure as TE domain hydrolyzed the 

product.  (C) Predicted structure as TE domain cyclize the product. 
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CRISPR- Cas9 mutagenesis reveals fitness and competitive functions of NRP 

As a strategy to verify our proposed biosynthesis for NRP, we sought to genetically 

disrupt the NRPS in order to identify candidate metabolites by comparison of metabolite 

profiles using the wildtype strain. To disrupt the synthesis of the NRPS, we engineered a 

frameshift deletion in gene H using pCRISPomyces-2 [150].Gene H is predicted to encode 

an adenylation domain that is likely required for initiation of NRP biosynthesis. Therefore, 

disruption of Gene H should completely disrupt product formation. To identify a mutant 

phenotype associated with NRPS disruption, we plated the strains onto MYM agar media, 

either alone or with other species of Streptomyces to provide a competitor. After 4 days of 

incubation, we observed a developmental deficiency in the mutant strain (Figure 12). In 

addition, we observed that the mutant strain was sensitive to acidic media relative to 

wildtype when plated on pH 5 SMMS agar (Figure 12). As a test for competitive 

phenotypes, we cultured the mutant and wild-type strains with 5 different species of 

Streptomyces to determine whether the NRPS mutants have a competitive phenotype due 

to loss of the peptide product. While no phenotype was observed with several 

Streptomyces spp., using Streptomyces sviceus on SMMS medium, we observed an 

apparent antibiotic activity of this NRP product (Figure 12). Although the phenotypic data 

are not direct evidence of NRPS product formation, they indicate that a bioactive product 

is made by S. Mg1 under the culture conditions used. 
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Figure 12. CRISPR- Cas9 mediated mutagenesis reveals fitness and competitive 

phenotypes. 

A delay in sporulation was observed in mutant relative to wild-type S. Mg1 on MYM 

medium. The mutant is sensitive to acidic condition when grow on SMMS pH 5 medium. 

An NRP related antibiotic activity was detected when wild-type S. Mg1 was challenged 

with S. sviceus (S. svi) as a competitor. 

 

 

 

Identification of the NRP product 

In order to detect a product, we used a comparative approach for mass 

spectrometry of extracts from the wildtype and the mutant strain. Our biosynthetic 

prediction indicates the incorporation of rare amino acids, such as β-methylarginine and 

2,3-diaminobutyric acid. The identity of these substrates suggested that the NRP may be 

related to lavendomycin, an antibiotic identified in 1985 [194]. Using Matrix Assisted 

Laser Desorption Ionization-Time of Flight mass spectrometry (MALDI-TOF MS), we 

detected the loss of an ion (m/z 667 (M+H)+ in the mutant strains, which matches the 

reported mass for lavendomycin (Figure 13A). Using liquid chromatography mass 
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spectrometry (LC-MS), we generated tandem MS spectra of the candidate m/z 667 

(M+H)+ ion, which confirmed the predicted amino acid content identical to lavendomycin 

(Figure 13B). The alignment indicated that either the NRP product is lavendomycin or a 

molecule highly similar to lavendomycin. These results suggest that genetic disruption in 

a NRPS BGC exposed identifiable phenotypic differences, and enabled the identification 

of lavendomycin or discovery of a lavendomycin-like metabolite. Our findings uncover 

the previously unreported lavendomycin BGC and reveal an NRPS product contributes to 

the development and competitive fitness of the producing organism.  
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Figure 13. Identification and validation of lavendomycin 

(A) Identification of the m/z 667 (M+H)+ using MALDI-TOF MS. The highlighted mass 

ion was present in the crude extract of wild-type S. Mg1, but absent from the mutant. (B) 

LC-MS/MS identification of the m/z 667 (M+H)+ compound. The fragmentation pattern 

of parent ion m/z 667 (M+H)+ matches the chemical structure of lavendomycin. 
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Discovery of a novel thiopeptide metabolite from Streptomyces 

In combination with bioinformatic predictions to identify target BGCs, we 

surveyed transcriptional activity of a subset of BGCs of interest to focus on those 

expressed in our culture conditions for S. Mg1. Transcript levels of biosynthetic genes in 

different time points were measured by RT-PCR. Among the more highly expressed 

targets was one potential thiopeptide BGC, which we selected for CRISPR disruption. 

 

Bioinformatic analysis of the thiopeptide biosynthetic gene cluster 

Using antiSMASH, prediction of the thiopeptide BGC showed 18% sequence 

similarity to thaxtomin BGC (Table 5). However, thaxtomin is not a thiazolylpeptide. We 

assumed this similarity was contributed by some genes encoding tailoring enzymes, such 

as cytochromes P450, within the BGC. To characterize the thiopeptide BGC, we used the 

predicted structural peptide sequence STSCSSTSTCSSTTSTTSCSA to search in a 

thiopeptide database [195] for a similar peptide that may have been previously reported. 

Although no product has been identified, we found an identical core peptide sequence 

encoded in the Streptomyces albus J1074 genome. The ORF for the precursor peptide 

encodes a 58-residue protein sequence that shares 91% sequence identity with the 

precursor peptide sequence from S. Mg1 (Figure 14A). Other biosynthesis ORFs are 

organized slightly different between both BGCs in two Streptomyces species. (Figure 

14A). Despite the prediction of structural peptide and conserved thiopeptide biosynthetic 

genes, thiopeptides are notoriously challenging for product predictions due to the 

complexity of enzymatic modifications and various structural possibilities [196] (Figure 
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14 B-E). Based on the amino acid content and possible modifications, we predicted a 

mature peptide mass ranging from 1200 to 2000 Da. 

 

CRISPR- Cas9 mediated mutagenesis exposes a fitness function of a thiopeptide 

In order to disrupt synthesis of the target peptide, we engineered CRISPR-

mediated deletions in the precursor peptide gene K in S. Mg1 and gene J in S. albus. 

Because S. albus advanced in the process of generating disruption mutant with CRISPR-

Cas9, we first used S. albus as our working organism for the discovery. To determine a 

mutant phenotype associated with the thiopeptide disruption, we cultured S. albus strains 

on several different media. In so doing, we observed a difference in developmental 

morphology from the mutant colonies compared to wildtype on MYM plates after 4 days 

of incubation (Figure 14G). This observation in addition to the detection of transcript from 

the BGC suggested that an active product is produced by S. albus.  
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Figure 14. Bioinformatics based prediction of thiopeptide BGC and loss of function 

phenotype 

(A) Sequence alignment of precursor peptides from S. Mg1 and S. albus. Differences in 

amino acids are colored in red. (B) Schematic representation of the biosynthetic gene 

clusters from S. Mg1 and S. albus. (C-F) Examples of possible structures. (G) The 

developmental morphology of wildtype and Δthio S. albus on MYM plates after 4 days of 

incubation. 
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Identification of the thiopeptide 

To uncover the thiopeptide, we utilized multiple analytical tools. We first assayed 

extracts from wildtype and the mutant strain by a comparative high-performance liquid 

chromatography (HPLC). We observed peaks missing in the mutant extract compared to 

wildtype at multiple UV detection wavelengths (Figure 15A). We fractionated the crude 

extracts from both wildtype and mutant strains via HPLC and used LC-MS to compare the 

metabolic compositions in the candidate fractions identified.  

To analyze the complex metabolite profiles of each fraction, the raw data 

containing both MS and MS/MS spectra was uploaded for a pairwise comparison in 

XCMS, a peak detection algorithm widely used in LC-MS processing [197]. We selected 

several mass ions within our prediction range (m/z 1200~2000) as priority candidates for 

the mature thiopeptides. We further mapped selected ions based on LC-retention time and 

m/z, and plotted the features according to change in abundance (Figure 15B). Among the 

prominent features, the m/z 1543 (M+H)+ ion caught our attention. This ion has relatively 

high ion intensity in the wild-type S. albus extract fraction, but is not detectable in the 

mutant extract fraction (Figure 15C). Focusing on the MS/MS spectra of m/z 1543, we are 

able to map several fragments to one of the predicted structure (Figure 15D,E).  
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Figure 15. Comparative analysis and identification of the thiopeptide candidate 
(A) Comparative HPLC chromatogram indicated the detection of a candidate thiopeptide (RT 18-

19 min) from the extract of wild-type S. albus (red trace). The peak is absent from the Δthio S. 

albus strain extracts. with 254 nm and 350 nm wavelengths ultra-violet absorption spectra (B-C) 

Visualization and identification of candidate ion from comparative LC-MS analyses. Gradient 

shades represent the log2-fold reduction in peptide abundance from the mutant strains compared 

to wildtype. (C) Using a more stringent filter add than in (B), candidate ions showing more than 

1000-fold reduction are plotted and zoomed into m/z 1500-1600. (D) MS/MS spectra of candidate 

m/z 1543 (M+H)+ ion was used to map with one of the structural prediction. (E) Several calculated 

ion masses marked in D are matched with observed fragmentation ion masses. 
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Figure 15. Continued 
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Discussion 

In this study, we utilized a multistep genetic strategy to characterize identities and 

biological functions of specialized metabolites. An ability to scan the specialized 

metabolome of a single organism depends upon efficient genetic tools to generate mutants. 

To identify target metabolites, mutant analyses can be combined with powerful 

bioinformatic platforms used to predict biosynthetic gene clusters of specialized 

metabolites. For this study, we prioritized candidates by transcriptional analyses using 

different growth conditions and sampling times. We then proposed biosynthetic pathways 

and possible structures of the products based on bioinformatic information and available 

data from similar metabolites. Once we recovered and confirmed mutant strains, we 

compared phenotypic differences between mutant and wild-type strains, focusing on 

growth morphology, competitive phenotypes, and metabolic outputs.  

In this study, we focused on two test cases of unknown metabolites from S. Mg1. 

In the first case, we identified an NRPS candidate by comparative phenotypic analysis, 

including comparative MALDI-TOF spectra of mutant and wild-type strain. This 

approach enabled us to identify the peptide as lavendomycin or a similar molecule. 

Lavendomycin was previously isolated from culture of Streptomyces lavendulae subsp. 

brasilicus in 1985. A chemical isolation approach and large fermentation was used to 

identify and characterize the structure of lavendomycin [194]. It is reported that 

lavendomycin exhibits antibiotic activity against Gram-positive bacteria [194], likewise, 

we observed an apparent inhibitory activity when co-culturing S. Mg1 with S. sviceus. 

Total synthesis of lavendomycin was reported in 1990 [198], but the biosynthesis of the 
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molecule was unknown. Due to the lack of genomic sequence from the original producer 

strain, Streptomyces lavendulae subsp. brasilicus, the genome based antiSMASH 

prediction did not recognize this NRP BGC and thus the molecule. Here we identify the 

likely biosynthetic pathway for lavendomycins, and we identify new potential biological 

functions for the metabolites. Further purification of the candidate lavendomycin from S. 

Mg1 is required to verify the complete structural detail and biosynthesis of the metabolite.  

The structure of lavendomycin and its biosynthetic pathway indicate a non co-

linear assembly for the NRPS product. The predicted thioesterase domain resides in gene 

M, upstream of final gene of the BGC assembly line. Domains in the terminal protein load 

pipecolic acid and proline, but the order of assembly is ambiguous. According to the 

structure of lavendomycin, pipecolic acid and proline are assembled into the product 

before the final dehydrobutyrine and serine substrates. Evidence of skipped modules such 

as this is rare and suggests a non-canonical assembly of the NRPS biosynthetic complex 

[199,200]. In addition, as we currently do not know the functional mechanism of the 

thioesterase domain in the BGC, we cannot rule out the possibility of a cyclized product. 

Inspired by the identification of lavendomycin, we used similar procedures and 

determined the mass candidate of unknown thiopeptide produced by S. albus though 

comparative metabolomic data. We observed developmental differences between 

wildtype and mutant strain that is deficient in making the thiopeptide. This observation 

suggested a potential biological function of the unknown thiopeptide in the growth and 

development of the organism. The thiopeptide mass and structural predictions are more 

complicated than lavendomycin, because of various possibilities of post-translational 
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modifications. Genes within the thiopeptide BGCs were annotated with corresponding 

protein functions. With the common paradigm of thiopeptide biosynthesis, which involves 

cyclodehydratases and dehydrogenases to produce polyazole, dehydratases to form 

dehydroamino acids, and a protein to afford the six-membered nitrogenic ring [196,201], 

we estimated the final product to be within a mass range of 1200~2000 Da. The product 

structure cannot be predicted without knowing specific modification sites, and ring-

forming details (i.e., one ring or two rings similar to thiostrepton). Using computational 

tools to analyze large LC-MS datasets and enhanced visualization, we focused on a 

candidate of mass of 1542, with detection of (M+H)+ ion m/z 1543. Several existing 

platforms, such as MS/MS networking are potentially useful for this analysis. However, 

with the preset filter parameters of datasets, the candidate ions in relatively low intensity 

may be ruled out. And the clustering function may distort analyses poorly ionized 

metabolites or those that do not incorporate into a family of molecules, forming aggregates 

of orphan single ions. 

In parallel to S. albus, we investigated the thiopeptide produced by S. Mg1. We 

engineered a deletion of the gene K in cluster 9, which encodes a BGC for a thiopeptide 

of unknown structure. Despite having identical precursor peptides, the products of the two 

RiPPs may not be identical. Several reasons may explain possible differences in the 

peptides. The leader peptide sequences of the precursor peptides differ in 7 amino acids 

(Figure 14A), which could lead to different leader cleavage of the mature peptides. In 

addition, the gene composition and organization differ between clusters (Figure 14B), 

which indicates potential different post-translational modifications. Different organisms 



 

80 

 

do not have to produce and secrete the metabolites in the exact same way. We searched 

21 amino acids, predicted to encode the thiazolylpepides, in the NCBI databases. Not 

limited to S. albus, we found the exact amino acid sequence embedded in 100 

Actinobacteria, mostly annotated as thiazolylpeptide-type bacteriocin, which suggest a 

large family of thiopeptide variants to be identified. We expect that variations in post-

translational modifications of the peptides will produce diverse structural variants. 

Dual-CRISPRi system (described in Chapter II) are currently in progress targeting 

these two BGCs to further demonstrate the feasibility in identifying unknown metabolites 

from a given organism. 

Specialized metabolism is poorly understood, but a prevalent feature of 

Streptomycete biology. In current work, we combined bioinformatics, modern genetics 

and metabolomics to reveal novel specialized metabolites, biosynthetic pathways and 

biological functions from an unknown gene cluster with no prior functional assignment in 

bacteria. This strategy is an example of using reverse genetics to identify new biological 

functions for the specialized metabolomes of bacteria. 

 

Materials and Methods 

Bacterial strains and cultural conditions 

The bacterial strains and plasmids used in this study are listed in Table 7. For 

general propagation and manipulation, we cultivated Escherichia coli strains in lysogeny 

broth (LB) [1% tryptone (Bacto), 0.5% yeast extract (BBL), 0.5% sodium chloride 

(Sigma)] or on LB agar plates [with 1.5% agar (Bacto)]. Streptomyces strains were 
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maintained as spore suspensions in water at 4 °C. Streptomyces were mainly cultured on 

MYM [0.4% malt extract (Bacto), 0.4% yeast extract (BBL), 0.4% D-(+)-maltose 

monohydrate (Sigma), 1.5% agar (Bacto)], unless specified in certain experiments. S. 

albus were streaked on MS [2% Mannitol (Fisher Scientific), 2% soya flour, 2% agar 

(Bacto)] plates for sporulation. We supplemented 30 μg/mL of apramycin for E. coli, 50 

μg/mL of apramycin for Streptomyces, chloramphenicol (5 μg/mL), nalidixic acid (30 

μg/mL), into media as needed. All used primers are listed in Table 8. E. coli XL-1 blue or 

DH5ɑ were used for plasmid maintenance and manipulation.  

 

Bioinformatic platforms and tools 

We submitted S. Mg1 (NZ_CP011664.1) and S. albus J1074 (NZ_DS999645.1) genome 

sequences in antiSMASH bacterial version to identify, annotate and analyze specialized 

metabolite biosynthetic gene clusters in a genome-wide manner [159]. Data were 

downloaded and further analyzed. NCBI databases were utilized to search and blast 

nucleotide or protein sequences. We used ThioFinder for the identification of S. albus 

identical structural peptide and the thiopeptide gene cluster [195]. 
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Table 7. Bacterial strains used in Chapter III 

Strains  Description Source 

PDS0506 Esherichia coli DH5α Laboratory collection 

PDS0002 Esherichia coli ET12567 Laboratory collection 

PSK0528 Streptomyces albus J1074 Laboratory collection 

PDS0543 Streptomyces sp. Mg1 Laboratory collection 

PSK0524 Streptomyces sviceus Laboratory collection 

PDS0839 S. Mg1 ΔM444_22370 in cluster 15  This study 

PDS0830 S. Mg1 frameshift deletion in cluster 3 This study 

PDS0837 S. Mg1 frameshift deletion in cluster 28  This study 

PDS1007 S. Mg1 Δthio in cluster 9 This study 

PDS1009 S. albus Δthio This study 

Plasmids Description Source 

pCRISPomyces-2 AprR, oriT, reppSG5(ts), oriColE1, sSpcas9, 

synthetic guide RNA cassette 

[150] 
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Table 8. Oligonucleotides used in Chapter III 

Oligonucleotide Sequence Description 

CZ055 ACGCCGCGATGCTGGGGATCTGGG Cluster 28 deletion 

gRNA, S. Mg1 CZ056 AAACCCCAGATCCCCAGCATCGCG 

CZ057 TTGCCGCCGGGCGTTTTTTATCTAGA 

CGCCTACCTCACCCACTCCCG 

Cluster 28 

HR_left, S. Mg1 

CZ058 GTTCGGCCGGGTCGATCAGG 

TTCCCCGGTGCGTTCGCACA 

CZ059 TGTGCGAACGCACCGGGGAA 

CCTGATCGACCCGGCCGAAC 

Cluster 28 

HR_right, S. Mg1 

CZ060 GGAAAGTCGACCGCAAACGGC 

TCTAGAGGCCAGGAACCGTAAAAAGG 

CZ204 ACGCGATCTCGGACTACTCGGACG ΔthioK gRNA, S. 

albus CZ205 AAACCGTCCGAGTAGTCCGAGATC 

CZ206 TTGCCGCCGGGCGTTTTTTA 

TCTAGAGCTCCGACACCTGGATCAAT 

ΔthioK HR_left, S. 

albus 

CZ207 ATGGCGACAGCAGGTGAGTTC 

ACAGGGGCCCTCGTGTGT 

CZ208 ACACACGAGGGCCCCTGT 

GAACTCACCTGCTGTCGCCAT 

ΔthioK HR_right, 

S. albus 

CZ209 CCTTTTTACGGTTCCTGGCC 

TCTAGAGAAGTCCGGGGCGTGGTTGG 

CZ210 ACGCCTCGCTGGCGTCCGAGTAGT Cluster 9 ΔthioK 

gRNA, S. Mg1 CZ211 AAACACTACTCGGACGCCAGCGAG 

CZ212 CACCCGTTCCCGTAGGAAC 

CGTGTCTGTCCCCATCAGAG 

Cluster 9 ΔthioK 

HR_right, S. Mg1 

CZ213 CCTTTTTACGGTTCCTGGCC 

TCTAGACCCAGCATCCAGTACCCGAG 
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Table 8. Continued 

Oligonucleotide Sequence Description 

CZ214 TTGCCGCCGGGCGTTTTTTA 

TCTAGACCTGGCTCAACGTCACCTC 

Cluster 9 ΔthioK 

HR_left, S. Mg1 

CZ215 CTCTGATGGGGACAGACACG 

GTTCCTACGGGAACGGGTG 

CZ028 CTTCGGTCGGACGTGCGTCTAC 

 

Sequencing 

primers for 

pCRIPSPomyces-2 

assembly  

CZ029 CGAGGGAGCTTCCAGGGGGAAA 

 

 

 

Construction of dual CRISPRi strains 

The 20 nucleotide protospacer of a target cluster was first inserted into pCZ2 

vector via BsaI-mediated golden gate assembly and selected on LB plates containing 50 

μg/mL of apramycin, 0.8 mM IPTG and 40 μg/mL of β-D-galactopyranoside (X-gal) as 

previously described [150]. The second protospacer cassette, including gapdh promoter, 

sgRNA, tracr-RNA and terminator, was subsequently inserted by Gibson assembly using 

XbaI linearized construct containing the first protospacer cassette. Constructs were 

verified by PCR amplification with primers listed in Table 3.4, and sequencing 

alignments. 

 

Interspecies conjugation 

Confirmed recombinant constructs containing double guide RNAs were 

transformed into E. coli ET12567. Single colony was inoculated in liquid LB media 
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containing apramycin (30 μg/mL) and chloramphenicol (5 μg/mL) to OD600 around 0.4 

measured by spectrometer. Cells were pelleted, washed twice and eventually resuspended 

with LB without antibiotics to finalize the donor strain culture. Equal volume of E. coli 

donor cells was mixed with 106 Streptomyces spores. The mixture, and the 10 times 

dilution were spotted on AS1 agar plates. Negative control with only Streptomyces spores 

was also spotted on plates. After 16 hours incubation at 30 °C, each plate was flooded with 

1.5 mL antibiotic stock solution containing a final concentration of 50 μg/mL apramycin 

and 30 μg/mL nalidixic acid. After drying, plates were incubated back in 30 °C for 2-4 

days. 

 

Comparative phenotypic assays 

To observe morphological differences between mutant strains and wildtype, we 

spotted 10 μL of 107 spores/mL of Streptomyces on MYM, SMMS pH5 and pH7 plates. 

To observe competitive phenotypes, we first plated 100 μL of 106 spores/mL competitor 

Streptomyces in a lawn until dried, then spotted 10 μL of 107 spores/mL of S. Mg1 onto 

the lawn. These plates were incubated at 30 °C and photographed every 24 hours. 

 

Fermentation and detection of lavendomycin 

Buffered MYM liquid media (50 mL in 250 mL Erlenmeyer flasks) was inoculated 

with 106 spores/mL of S. Mg1 from freshly prepared spore suspensions. The cultures were 

incubated at 30 °C on a shaking at 250 rpm for 5 days with around 20 glass beads in to 

prevent aggregation. We removed S. Mg1 mycelial by centrifugation. The supernatants 



 

86 

 

were cleaned with equal volume of ethylacetate in separatory funnels. The aqueous phases 

were collected and lyophilized. The residues were redissolved in 200 μL 50% methanol 

and insoluble precipitates were removed by centrifugation. The supernatants were 

transferred to screw-cap vials for storage or experiment.  

To identify the NRP and measure metabolic differences between mutant strains 

and wildtype, we spotted 1 μL of diluted crude extracts from Streptomyces (10fold dilution 

with 50% acetonitrile, 50% methanol) in a well of MALDI plates. Overlay with 1 μL of 

alphacyano MALDI matrix, the samples were air blown to dry. We inserted the MALDI 

plates into Bruker Ultraflextreme MALDI-TOF-TOF mass spectrometer and collected 

positive mode spectra for analysis.  

 

Fermentation and detection of thiopeptides 

We used buffered MYM agar plates (25 mL in each petri dish) to culture 100 μL 

of 106 spores/mL of S. albus from freshly prepared spore suspensions. The plates were 

incubated at 30 °C for 4 days before being sliced into 0.5 cm squares. We extracted with 

equal volume of ethylacetate, shaking at room temperature for 2 hours. Followed by 

another equal volume of ethylacetate extraction, solvent in each sample was combined and 

poured into a separatory funnel. We collected ethylacetate layer, which was evaporated to 

dryness using a rotary evaporator. We redissolved the residues in 200 μL 80% methanol 

and insoluble precipitates were removed by centrifugation and filtration.  

To identify the thiopeptide and measure metabolic differences between mutant 

strains and wildtype, we used HPLC with an Agilent 1200 device monitoring 254 nm and 
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350 nm wavelengths UV absorption spectra. A 10 μL volume of each sample was injected 

onto a Luna C18(2) column (4.6 × 250 mm, 5 μm; Phenomenex). The run was performed 

with a flow rate of 5.0 mL/min at 30 °C. Samples were eluted with a gradient of 20% 

CH3CN and 80% of 0.1% (v/v) HCOOH, which reached 90% CH3CN and 10% of 0.1% 

(v/v) HCOOH after 20 min. The 90% CH3CN–10% HCOOH step was maintained for a 

further 2 min. The column was equilibrated with 20% CH3CN–80% HCOOH for 2 min 

between each sample.  

For fractionation, we used a semi-preparative (10 x 250 mm, 5 μm) Phenomenex 

Luna C18(2) column, and run with a flow rate of 5.0 mL/min at 30 °C. 50 μL of crude 

extract was injected repeatedly from each sample. Time based fractions were collected. 

Elution for the same fraction were combined and evaporated to dryness. We redissolved 

the residues in 100 μL 50%, 70% and 85% methanol according to the chromatography. 

Insoluble precipitates were removed by centrifugation and filtration. 

 

LC-MS for identification of thiopeptides 

Untargeted liquid chromatography high-resolution mass spectrometry (LC-

HRMS) analysis was performed on a Q Exactive Plus orbitrap mass spectrometer (Thermo 

Scientific, Waltham, MA) coupled to a binary pump HPLC (UltiMate 3000, Thermo 

Scientific). Full MS were obtained at 70,000 resolution (200 m/z) with a scan range of 

133-2000 m/z. Full MS followed by ddMS2 spectra were obtained at 35,000 and 17,500 

resolution (200 m/z) with a 1.5 m/z isolation window and a stepped NCE (20, 40, 60). 

Samples were maintained at 4 °C before injection. The injection volume was 10 µL. 
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Chromatographic separation was achieved on a Synergi Fusion 4 µm, 150 mm x 2 mm 

reverse phase column (Phenomenex, Torrance, CA) maintained at 30 °C using a solvent 

gradient method. Solvent A was water (0.1% formic acid). Solvent B was methanol (0.1% 

formic acid). The gradient method used was 0-5 min (10% B to 40% B), 5-7 min (40% B 

to 95% B), 7-9 min (95% B), 9-9.1 min (95% B to 10% B), 9.1-13 min (10% B). The flow 

rate was 0.4 mL/min. Sample acquisition was performed with Xcalibur (Thermo 

Scientific). 

To analyze data generated from LC-MS, we used XCMS online platform 

(https://xcmsonline.scripps.edu) [202–204]. Raw data containing both MS and MS/MS 

spectra was uploaded for a pairwise comparison. We chose UPLC/Q-Exactive (3110) as 

our parameter ID. After binning the high-resolution MS data, the output was processed 

with R data analysis and visualization using “dplyr” and “ggplot2” packages. By 

background subtraction in both wild-type and mutant fraction samples, followed by 

filtering out shared and increased intensity ions in mutant sample.  

 

https://xcmsonline.scripps.edu/
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CHAPTER IV  

REGULATORY ELEMENTS OF POLYKETIDE BIOSYNTHETIC PATHWAYS IN 

BACILLUS2 

 

Introduction 

Microorganisms survive in their natural communities by interacting and 

exchanging specialized metabolites within and between neighboring species. Accelerated 

genomic and bioinformatic analyses indicate that many microbes denote 5% to 15% of 

their total genome to encode machineries for specialized metabolism [176,205–208]. 

Genes required to synthesize, regulate, and transport these specialized metabolites are 

typically clustered in cohesive units, as biosynthetic gene clusters (BGCs) [8]. Examples 

show fascinating functions as surfactins secreted by Bacillus subtilis block the 

development of S. coelicolor aerial hyphae [24,124], bacillaene produced by B. subtilis 

protect against Myxococcus xanthus predation [28], surfactin and fengycins, the Bacillus 

lipopeptides, eliminate Staphylococcus aureus colonization in human host [100,209]. 

Those metabolites synthesized via enzyme complexes coded by BGCs indicate great 

importance of specialized metabolism in these organisms, to the microbial communities, 

and even to the human host. Despite the importance of these metabolic pathways, their 

sophisticated genetic regulation is poorly understood.  

 

2 Part of this chapter is adapted with permission from “LoaP is a Broadly Conserved Antiterminator Protein 

that Regulates Antibiotic Gene Clusters in Bacillus amyloliquefaciens” by Goodson JR, Klupt S, Zhang C, 

Straight P, Winkler WC. Nat Microbiol 2017, 2:17003. Copyright 2017 The Author(s).  
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Gene expression requires a series of concerted modulatory activities at each stage 

of transcription and translation. In response to alterations in nutrient availability or other 

environmental cues, specialized metabolic pathways may be activated or repressed. The 

controls for the pathways include various factors, such as sigma factors [210] and 

pathway-specific regulators or global regulators [128,211]. In addition to regulatory 

proteins that initiate transcription, regulatory elements such as elongation factors or 

antitermination systems that promote read-through are present in the unusually large 

operons of many BGCs to elongate transcripts [212–214]. Termination factors, including 

Rho-dependent [215] and intrinsic terminators [216] normally locate at the ends of 

operons to promote dissociation of the transcription elongation complex [217]. Intrinsic 

transcription termination, with a GC-rich RNA hairpin loop followed by a poly-U tract, is 

predominant in B. subtilis and other Firmicutes [218,219]. Additional genetic regulation 

may also contribute to the regulation of gene expression. For example, processive 

antitermination (PA) promotes transcribing through terminators and resisting the pause 

sites that normally delay transcript elongation, which involves factors associate and 

modify transcription elongation complex [212]. The PA systems, discovered from 

bacteriophage, have only recently been investigated in specialized metabolite pathways in 

bacteria [220,221]. Typically, transcription of a large operon usually initiates at a promoter 

upstream of the first gene within the operon. Following initiation, other regulatory 

functions along the operon, such as internal promoters and antiterminators, may have 

auxiliary roles in elongating transcripts [222]. 
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To study genetic regulatory mechanisms of specialized metabolic pathways, we 

chose well-characterized models, Bacillus species, which have great capacity in producing 

various specialized metabolites. The genome of Bacillus velezensis FZB42 (formerly B. 

amyloliquefaciens FZB42 [223]) contains three massive polyketide BGCs, encoding 

enzymes for dedicated synthesis of difficidin, macrolactin, and bacillaene [224,225]. 

Polyketide antibiotic difficidin (dfn) is synthesized by enzyme complexes encoded by a 

70 kb dfn operon [224]. A gene named loaP, located upstream of the dfn BGC (Figure 

16A), encodes a protein paralogous to the transcription elongation factor NusG. In this 

study we utilized genetic and chemical approaches to investigate regulatory functions in 

those massive BGCs. A deletion of loaP not only disrupts the biosynthesis of difficidin, 

but also abolishes another PKS macrolactin production in the same producing organism. 

Our finding correlates with transcriptional investigation, indicating a processive 

antitermination function of LoaP [226]. 

In contrast to difficidin and macrolactin, bacillaene production is not affected by 

LoaP, indicating an independent regulatory mechanism controls its biosynthetic pathway. 

An orthologous bacillaene BGC is also found in B. subtilis, a close relative to B. velezensis 

[227]. The pks BGC in the B. subtilis genome, from pksB to pksR, spans nearly 76 kb and 

is responsible for the biosynthesis of bacillaene (Figure 16B). Previous research surveyed 

the promoter elements within the BGC showed that the pksC promoter controls the 

expression of the genes from pksC to pksR [227]. We applied genetic, molecular, and 

chemical approaches to investigate the potential regulatory features in bacillaene BGCs. 
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Figure 16. Polyketide biosynthetic pathways in Bacillus 

(A) Difficidin BGC in B. velezensis FZB42. (B) Bacillaene BGC in B. subtilis. 

Arrowhead: promoter; hairpin loop: terminator. 

 

 

 

Results 

Polyketide biosynthesis is dependent on loaP in Bacillus velezensis 

LoaP was hypothesized to regulate the biosynthesis of difficidin in Bacillus 

velezensis [226]. To test this hypothesis, we genetically engineered a loaP deletion strain 

to compare its metabolic outputs with the wild-type strain. We measured the production 

of three polyketides (difficidin, macrolactin, and bacillaene) from extracts of B. velezensis 

culture supernatants by high-performance liquid chromatography (HPLC). Extracts from 

the ΔloaP strain lacked difficidin, without any noticeable impact on bacillaene production 

(Figure. 17A). Surprisingly, macrolactin production in the ΔloaP deletion strain was also 

dramatically decreased, indicating the regulatory function of LoaP not limited to its 

associated difficidin BGC but also macrolactin BGC in trans. Complementation of loaP 

restored metabolite production, confirming that loaP promotes expression and 

biosynthesis of the polyketides difficidin and macrolactin from B. velezensis FZB42 

(Figure 17B).   
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Figure 17. LoaP-dependent production of difficidin and macrolactin (reprinted from 

[226]) 
(A) A comparison of ΔloaP to wild-type B. velezensis FZB42 production of difficidin, 

macrolactin, and bacillaene by HPLC. Deletion of loaP specifically disrupts the production of 

difficidin and macrolactin, while bacillaene production is maintained. HPLC peaks corresponding 

to difficidin (*), macrolactin (°), and bacillaene (#) are labeled for reference on the 

chromatographs. The ΔdfnKS1 strain is deficient in difficidin production and the ΔmlnKS1, 

ΔdfnKS1 double mutant strain is deficient in both difficidin and macrolactin. The mutant strains 

serve as reference controls for specificity of HPLC peaks. Metabolites were detected at λ =280 

nm. Representative traces for each genotype are shown. mAU, milli-absorbance units. (B) 

Quantitative comparison of difficidin production by B. velezensis FZB42 strains, wild-type (WT), 

ΔloaP, and ΔloaP, amyE::Pxyl-loaP (+ and −1% xylose). Relative production of difficidin was 

compared between the wild-type and mutant strains. Peak values were compared to bacillaene as 

a reference. Data and error bars represent the average and standard deviation of two biological 

replicates.  
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Regulatory elements in pks BGC for bacillaene biosynthesis 

The predicted RNA S617 does not function in antitermination 

Bioinformatic prediction showed additional regulatory elements, a new RNA 

feature in the intergenic region between pksC and pksD (S617), a putative intrinsic 

terminator at around one-third of pksJ (by B. subtilis Expression Data Browser), and an 

intrinsic promoter at the overlapping region between pksF and pksG 

(http://genolist.pasteur.fr/SubtiList/) (Figure 18A). The presence of these putative pks 

regulatory elements suggests that the control of pks gene expression is complex.  

With the knowledge of LoaP and previously reported cis-regulatory RNA element 

in B. subtilis [228], we hypothesized that intergenic region S617 may have a cis-regulatory 

function in pks BGC transcription. We extracted metabolites from B. subtilis culture 

supernatants and measured bacillaene production by HPLC. The ΔS617 strain shows a 

significant reduction in the production of bacillaene (Figure 18B), suggesting some degree 

of cis-regulatory function associated with bacillaene biosynthesis.  

 

 

 

http://genolist.pasteur.fr/SubtiList/
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Figure 18. Regulation in bacillaene BGC 

(A) Bacillaene BGC in B. subtilis. Predicted regulatory elements are depicted with colors. 

Arrowhead: promoter; hairpin loop: terminator. Blue rectangle highlights S617, the region 

between pksC and pksD. Purple rectangle with arrowhead illustrates the predicted pksG 

promoter. (B) Bacillaene production measured by HPLC. 
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To test if the impairment in bacillaene production was due to S617 deletion, we 

quantitatively measured the transcript abundance in the front (pksH), middle (pksJ), and 

the end (pksR) of the operon by RT-PCR. The comparison between wild-type B. subtilis 

and mutant in pksH and pksR amplicons demonstrated elevated expression in those genes 

in the absence of S617 (Figure 19A), suggesting S617 is not required for transcribing the 

whole operon.  

As an intrinsic terminator was predicted in pksJ, we originally hypothesized S617 

may be required to promote transcription readthrough across terminator. We first 

evaluated the expression levels in the upstream and downstream of the potential terminator 

in pksJ of wild-type B. subtilis in both vegetative and sporulation conditions. A coherent 

transcript abundance was observed before or after the predicted terminator in pksJ (Figure 

19B), which suggests either the predicted intrinsic terminator in pksJ does not function as 

such or an antitermination facilitated readthrough. We then compared the upstream and 

downstream RNA levels between wild-type B. subtilis and ΔS617 strain. Instead of a 

decreasing pattern, an enhanced transcription was detected in the absence of S617 element 

(Figure 19B). Combining with the result of transcriptional measurements in front and end 

of the operon, these data suggest the intergenic region S617 does not function in 

antitermination but other RNA regulatory functions, as it showed minor increased 

transcripts of downstream genes in the absence of S617. 
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Figure 19. S617 does not function in antitermination. 

(A) The mRNA abundance of pksH and pksR normalized to internal reference gyrB. (B) 

Expression ratio of pksJ_down (pksJ 3’ end downstream predicted terminator) and 

pksJ_up (pksJ 5’ end upstream predicted terminator) in wild-type cells at indicated 

sporulation time points (left). Transcript abundance of pksJ_down amplicon, normalized 

to internal reference gyrB.  
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Activation of intrinsic pksG promoter is sporulation dependent 

An intrinsic pksG promoter (PpksG) was proposed within pksF ORF, and a putative 

TATA box was found at the 3’ end of pksF. To assay potential promoter activity, we used 

transcriptional reporters with yfp fused to putative PpksG. As a control, we mutated PpksG, 

with point mutations incorporated at predicted -35, and -10 loci of PpksG. At S1 stage (one 

hour after induced sporulation), we observed activation of PpksG in several cells, whose 

fluorescent signals specifically detected in the forespore but not vegetative cells of B. 

subtilis (Figure 20A). An impaired fluorescent activity was observed in those PpksG 

mutants at all sporulation stages (Figure 20B). These data indicate that the promoter of 

pksG within pksF ORF is functional, and also suggests PpksG activity is sporulation 

specific. 
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Figure 20. Forespore specific pksG promoter activity 

Fluorescence of transcriptional reporter for pksG promoter fused to yfp. Spore formation 

was induced by resuspension of exponential growing cells in Resuspension Medium. 

Samples for fluorescence microscopy were taken at indicated sporulation time (for 

example S1 as 1 hour after sporulation induction). (A) PpksG activity was observed in 

forespore-forming cells at S1. (B)PpksG point mutantion completely blocks its activity. 

PpksG*2: two point mutations at -35 box of PpksG; PpksG*5: five point mutations at -35 and -

10 box of PpksG. Images represent several microscopic fields. Red: TMA-stained 

membranes; Green/ yellow: PpksG
wt-yfp fusion. 
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Native pksG promoter activity in pks BGC 

We hypothesized the native function of PpksG would benefit the transcription of 

downstream large ORFs. To directly measure the promoter activity at its native genomic 

location during sporulation, we performed the qRT-PCR using amplicons located before 

(pksC, pksE) and after (pksG, pksH, pksI, and pksJ) the pksG promoter. Since pksJ is an 

extremely large ORF with putative intrinsic terminator(s), we measured both 5’(pksJ_up) 

and 3’ (pksJ_dn) of pksJ to test the transcriptional coverage of PpksG. Since the pks operon 

is mainly transcribed by pksC promoter. To subtract basal transcript from pksC, we 

calculated the ratio of downstream transcript over upstream of PpksG to determine the 

specific pksG promoter activity. The mutated, non-functional PpksG led to a uniform 

decreased trend comparing to wildtype in transcript downstream the promoter, especially 

in pksH, pksI, pksJ amplicons at early sporulation stages (Figure 21 B-F), with a minimal 

impact on upstream pksC amplicon (Figure 21A). Quantitative transcriptional 

measurement suggested a weak intrinsic pksG promoter activity in early sporulation. 
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Figure 21. The pksG promoter activity in representative pks genes 

Transcripts in each measured pks gene are normalized to internal reference gyrB. Promoter 

activity is estimated through an expression ratio of transcripts from each testing amplicon 

relative to the pksE transcripts. (A) The pksC amplicon represents expression upstream 

pksG promoter. The same trend was observed between wildtype and pksG promoter 

mutant. (B-F) Downstream expression of pksG promoter. A uniform decreased trend was 

observed in PpksG mutant comparing to wildtype in transcript downstream the promoter at 

early sporulation stages (B) pksG, (C) pksH, (D) pksI, (E) pksJ 5’ end before predicted 

terminator, (F) pksJ 3’ end after predicted terminator. Data represents technical triplicates. 
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Discussion 

In this study, we investigated several regulatory elements in specialized metabolic 

BGCs in Bacillus. We identified LoaP protein, as a NusG paralogue, which is encoded by 

loaP gene associated upstream difficidin BGC. LoaP regulates antibiotic biosynthetic 

pathways through a processive antitermination mechanism. Deletion of loaP reduces 

transcript levels in dfn operon, and further results in the elimination of difficidin. At the 

same time, another polyketide BGC, encoding for the production of macrolactin, also 

shows a reduced transcription in the loaP deletion strain. A similar finding in Myxococcus 

xanthus showed that disruption of TaA, a NusG paralogue, led to the reduced 

myxovirescin production [229]. Although TaA was not been reported the same mechanism 

as LoaP in polyketide BGCs, such transcription elongation factors both regulate 

specialized metabolic pathways.  

Another processive antitermination mechanism had been demonstrated in B. 

subtilis through a cis-acting RNA element. An intergenic region called ‘EAR’, for 

exopolysaccharide antitermination RNA, was found to promote readthrough of 

termination sites in exopolysaccharide operons [228]. In this study, we hypothesized a cis-

acting RNA element for the intergenic region between pksC and pksD (S617) in bacillaene 

BGC of B. subtilis. However the transcript abundance in amplicons in front (pksH) and 

end (pksR) of the operon shows a slight increase in the absence of S617. An increase at 

the transcriptional level is also detected downstream of a predicted intrinsic terminator in 

the absence of S617. However, deletion of S617 results in a dramatic reduction in 

bacillaene production. Therefore, bacillaene biosynthesis is dependent on S617, which 
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may post-transcriptionally influence the gene expression as a small RNA regulator [230]. 

Impaired bacillaene biosynthesis could also result from a polar effect in the biosynthesis 

gene caused by S617 deletion. Another possibility could be no internal terminators existed 

within pks operon, thus the transcription would not be impaired by S617.  

The intrinsic promoter element we investigated in this Chapter, the pksG promoter, 

was observed specifically active in B. subtilis forespore but not mother cell. We used 

transcriptional fusion at amyE locus to measure the fluorescent protein level controlled by 

PpksG. We observed a strong YFP signal at the early sporulation stage, however, this 

appeared not to correlate with the native transcription level measured by qRT-PCR. One 

possible reason could be due to differential basal transcript levels at different loci (amyE 

versus native pks locus).  

In the spore-forming organism, Bacillus, RNA polymerase associates with 

different sigma subunits to recognize unique promoter sequences. Compartment-specific 

gene expression in the mother cell or forespore is regulated by sporulation specific sigma 

factors, σE, σF, σG, σK [210]. Previous work showed the PKS proteins form megacomplex 

associated with cell membrane [231]. One possible reason for this intrinsic promoter may 

be involved in differential expression of downstream large ORFs for later stage quick 

assemble as megacomplex for bacillaene production. Further research is necessary to 

elucidate the detailed mechanisms of this forespore-specific promoter and localization of 

the downstream genes or encoded proteins.  
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Materials and Methods 

Bacterial strains, primers, media and growth conditions 

Table 10 contains a list of strains used in this study. Unless otherwise stated, all 

Bacillus strains were cultured at 37 °C in CH medium (1% casein hydrolysate, 0.47% L-

glutamate, 0.16% L-asparagine, 0.12% L-alanine, 1 mM KH2PO4, 25 mM NH4Cl, 0.22 

mg/mL Na2SO4, 0.2 mg/mL NH4NO3, 1 μg/mL FeCl3·6H2O, 25 mg/liter CaCl2·2H2O, 50 

μg/mL MgSO4, 15 μg/mL MnSO4·H2O, 20 μg/mL L- tryptophan, pH 7.0), which is 

commonly used for consistent timing of developmental transitions and optimal for live 

cell microscopy [232]. To generate a uniform population of cells in early exponential 

growth phase, overnight cultures of Bacillus were diluted to an OD600 of 0.08, cultured to 

approximately OD600 of 0.2, and re-diluted to OD600 of 0.08. This cycle was repeated three 

times before initiation of the experiments. Genetic manipulations of B. subtilis were 

initially made using the PY79 strain, and then transduced via bacteriophage SPP1 into B. 

subtilis NCIB 3610 as previously described [233]. All manipulations were confirmed by 

genomic extraction, amplification of genetic targets and sequencing. E. coli XL1blue was 

used for plasmid manipulations and storage. 
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Table 9. Bacterial strains used in Chapter IV 

Strains  Description Source 

PDS0066  NCIB3610 undomesticated B. subtilis Laboratory collection 

PDS0067 NCIB3610 Δpks (spec) Laboratory collection 

PDS0034 NCIB3610 amyE:: PpksG
wt-yfp (cm) Laboratory collection 

PDS0651 NCIB3610 ΔpksF This study 

PDS0656 NCIB3610 amyE:: PpksG*2-yfp (cm) This study 

PDS0657 NCIB3610 amyE:: PpksG*5-yfp (cm) This study 

PDS0726 NCIB3610 PpksG*2  This study 

PDS0727 NCIB3610 PpksG*5  This study 

PDS0744 NCIB3610 ΔsigF::erm This study 

PDS0581 NCIB3610 ΔcomI This study 

PDS0582 NCIB3610 ΔS617, ΔcomI This study 

PDS0749 NCIB3610 ΔPpksC, ΔcomI This study 

PDS0750 NCIB3610 ΔPpksC, ΔcomI, PpksG*2 This study 

PDS0751 NCIB3610 ΔPpksC, ΔcomI, PpksG*5 This study 

PDS0752 NCIB3610 ΔsigF::erm, ΔcomI This study 

PDS0753 NCIB3610 ΔsigF::erm, ΔPpksC, ΔcomI This study 

PDS0805 B. velezensis FZB42 This study 

PDS0809 FZB42 Δpks3KS1::cat This study 

PDS0505 FZB42 Δpks3KS1::cat Δpks2KS1::erm,  This study 

PDS0806 FZB42 ΔloaP::erm This study 

PDS0807 FZB42 ΔloaP::erm, amyE::Pxyl-loaP This study 

PDS0808 FZB42 ΔloaP::erm, amyE::Pxyl-loaP::cat This study 

Plasmids Description Source 

pCW001 amyE::PspoIIQ-yfp (cm, amp) PDS0009 

pMiniMAD oriBsTs (amp mls) PDS0414 [234] 
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Extraction and detection of difficidin, macrolactin and bacillaene from B. velezensis 

Overnight cultures of B. velezensis FZB42 strains were diluted to an OD600 of 0.08, 

growing in 25 mL Landy medium [235] for 8 hours as described in ref. [236]. The 

supernatant from each culture was collected. A 25 mL volume of each culture was 

centrifuged for 30 min at 11,000 rpm. and loaded onto an SPE column (3M, Empore, C18-

SD). After loading, the columns were washed once with dH2O and once with 20% 

methanol. Samples were eluted using 2 mL 100% methanol followed by 1 mL 100% 

ethanol. The eluates were dried in a rotary evaporator and samples were re-dissolved in 

100 µL 90% methanol. Metabolite analysis was performed using HPLC with an Agilent 

1200 device. A 10 µL volume of each sample was injected onto a ZORBAX Eclipse Plus 

C18 column (4.6 × 100 mm, 5 µm; Agilent). The run was performed with a flow rate of 

1.0 mL/min at 30 °C. Samples were eluted with a gradient of 20% CH3CN and 80% of 

0.1% (v/v) HCOOH, which reached 95% CH3CN and 5% of 0.1% (v/v) HCOOH after 12 

min. The 95% CH3CN–5% HCOOH step was maintained for a further 5 min. The column 

was equilibrated with 20% CH3CN–80% HCOOH for 2 min. Difficidin and macrolactin 

peaks were detected at 280 nm as previous reported [224,237]. We confirmed the 

specificity of difficidin, macrolactin and bacillaene peaks in the HPLC chromatographs 

by comparison to samples from B. velezensis Δpks3KS1 (abolished difficidin biosynthesis) 

and Δpks2KS1, Δpks3KS1 (abolished difficidin and macrolactin biosynthesis) strain and 

by liquid chromatography–tandem mass spectrometry.  
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Quantification of difficidin and macrolactin 

For preparation of the samples used for quantification analysis, B. velezensis 

FZB42 strains were inoculated in 25 mL of LB ± 0.5% xylose with an OD600 of 0.08, and 

additional 0.5% xylose was added at an OD600 of 3. The supernatant from each culture 

was collected at an OD600 of 4.0±0.1. The extraction method, HPLC column and detection 

wavelength were as described in the previous section. For quantitative analysis, samples 

were eluted with a gradient of 30% CH3CN and 70% of 0.1% (v/v) HCOOH, which 

reached 70% CH3CN and 30% of 0.1% (v/v) HCOOH after 6 min. The 70% CH3CN–30% 

HCOOH step was maintained for a further 3 min. The column was equilibrated with 30% 

CH3CN–70% HCOOH for 2 min. Quantitation for each sample was determined by 

integrating the area under the relevant peaks on the elution chromatography. Relative 

metabolite values were determined first by calculating the ratio of difficidin or macrolactin 

to bacillaene as a reference, then by normalizing to the wild-type sample value. Values are 

reported as the average of two biological replicates and standard deviation.  

 

Extraction and quantification of bacillaene from B. subtilis 

B. subtilis strains were cultured in 500 mL of CH medium, under constant agitation 

(250 rpm) and darkness. Bacillaene was extracted from cultural supernatant, 1:1 with 

dichloromethane in mixture. The organic phase was evaporated, followed by resuspension 

in small volume of methanol. Bacillaene was recovered by evaporation of methanol and 

resuspended in 65% (v/v) 20 mM sodium phosphate/ 35% (v/v) acetonitrile. HPLC 

analysis was performed with a Luna C18(2) reverse-phase column (4.6 × 250 mm, 5 μm; 
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Phenomenex). Samples were eluted with a gradient of 35% - 40% acetonitrile and 65% - 

60% of 20mM sodium phosphate in 8 min. Bacillaene was detected by UV absorption 

using a wavelength of 361 nm as previously reported [227]. The amount of bacillaene in 

each sample was determined by integrating the area under the relevant peaks on the elution 

chromatograph. We confirmed the specificity of bacillaene peaks in the HPLC 

chromatographs by comparison to a sample from a B. subtilis ∆pks strain. 

 

Quantitative RT-PCR 

We pellet B. subtilis cells from culture using centrifugation at 4000 rpm. Cell 

pellets from each sample were fixed and stabilized using 100% ice-cold methanol and then 

RNAprotect Bacteria Reagent (Qiagen). RNeasy Mini Kit (Qiagen) was used to extract 

total RNA from B. subtilis, applied according to the manufacturer’s instructions. Total 

RNA samples were treated with Turbo DNA-free kit (Applied Biosystems) to remove 

DNA. Input RNA was quantified to 200 μg from each sample, as template to synthesize 

cDNA using a High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific). Quantitative 

PCR was performed using a SsoAdvanced Universal SYBR Green Supermix Kit (Bio-

Rad) and a CFX96 Touch real-time PCR thermocycler (Bio-Rad) with the following 

cycles: initial denaturation at 95.0 °C for 2 min; 39 cycles of denaturation at 95.0 °C for 

15 s, annealing at 58.0 °C for 30 s, extension at 72.0 °C for 30 s; and final melt curve from 

60.0 °C to 95.0° for 6 min. We used gyrB as the reference gene according to [227]. The 

samples were run in triplicate for each gene amplicon. We used total RNA after DNase 

treatment (no RT performed), and genomic DNA as negative and positive controls. Primer 
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efficiency and Cq values were calculated using the software LinReg [172]. Gene study 

analysis for comparison between independent experiments was performed based on the 

primer efficiency calculated by the LinReg. 

 

Transcriptional fusions of pks promoters 

Mutant pksG promoter two, and five point mutations were introduced by primers 

bearing the mutated sequence and Gibson assembly (Table 11) The amplified regions were 

cut with the restriction enzymes EcoRI and HindIII (NEB) and ligated with T4 ligase 

(NEB) into pCW001. The transformations were performed using E. coli XL1Blue for 

recovery of plasmids. Subsequent transformation into PY79 and transduction into NCIB 

3610 B. subtilis strains were performed as previously described [233]. Recovered clones 

were grown in CH medium for subsequent analysis by fluorescence microscopy. 

 

Fluorescence microscopy 

B. subtilis cells cultured in CH medium were centrifuged at 8,000 rpm and washed with 

PBS. We used 20 μM 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-

toluenesulfonate (TMA) (Molecular Probes) to resuspend cells. Images were captured 

using a Nikon Ti-E inverted microscope equipped with a CFI Plan Apo Lambda DM 100X 

objective, TI-DH Diascopic Illuminator, and a CoolSNAP HQ2 Monochrome Camera. 

2,000 ms for YFP, and 1,000 ms were set for exposure time. The NIS-elements AR 

software was used to capture and process the images identically for comparative analysis. 

  



 

110 

 

Table 10. Oligonucleotides used in Chapter IV 

Oligonucleotide Sequence Description 

gyrB qPCR_F GGGCAACTCAGAAGCACGGACG gyrB qPCR 

gyrB qPCR_R GCCATTCTTGCTCTTGCCGCC 

rtPCR_pksC_1 AAAGCCGCATCTCTTTTTGA  pksC qPCR 

rtPCR_pksC_2 GCATGAAGGAACTCCTCGAA 

qPCR-pksE1 TACGTGAGCTGGATGCAAAG pksE qPCR 

qPCR-pksE2 ATGCTTCGGGTTTTGTTCAG 

CZ016 GGTGCCAAAGCACTGGTTAT pksG qPCR 

CZ017 TTTGCTCCGGGATCTATTTG 

qPCR-pksH_F TTCCCGAGGTGTTTTGTTTC pksH qPCR 

qPCR-pksH_R CTGACATGCGAAATCGTGAC 

RT pksI_F AAAGCGGTCATTTTGACAGG pksI qPCR 

RT pksI_R ATCCAGCGCCAGAGAATAAA 

CZ014 CACGCTTTGTTTTGCTTTCA pksJ_up_term 

CZ015 CCGGCAACAATACCTGAAGT 

qPCR pksJ dn F GTACCGTTCTGGGCACTCAT pksJ_dn_term 

qPCR pksJ dn R TGTTCGCTTTCTGTTGATCG 

qPCR-pksR-F ACAGCGTAACGGAATTTTGG pksR qPCR 

qPCR-pksR-R TTGATTGCCCTTCCTTATCG 

CZ001 GGTTTGCATCCAAAACATTGAGAA 

ATGTGGAGGCGAATCATAAATGG 

PpksG*2 

CZ003 GGTTTGCATCCAAAACATTGAGAA 

ATGCGGCGGTGAATCATAAATGG 

PpksG*5 

CZ012 TTGAAGCTTGCATAGCACTTGGTG PpksG_up_F 

CZ013 TTTGAATTCCAGAAAAGTCTGTTCGC PpksG_dn_R 
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CHAPTER V  

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Microbial communities are comprised with a large variety of species. Each species 

within the shared niche senses and responds to the abiotic or biotic stimuli, which 

contributes to the whole interaction network of the community. Coupled with 

bioinformatic approaches, metagenomic  reconstitute the bacterial composition within the 

sampling niches, each of which encodes massive and diverse specialized metabolic genes 

[107]. To simplify the complexity of dynamic specialized metabolism in bacterial 

community, we employed an interspecies interaction model with two organisms in 

different formats to uncover specialized metabolites and their biological functions. 

Furthermore, changing one organism or making mutation in one organism affects the 

interplay dynamics between these organisms. For example, interaction model of Bacillus 

subtilis and Streptomyces spp. uncovers various patterns and functions of bacterial 

competition. To list a few, alteration of different competitor Streptomyces for 

Streptomyces coelicolor depicts diversified interaction patterns [124]. Mutation of the 

bacillaene BGC in B. subtilis induces the red pigment production of interacting S. 

coelicolor [227]. Mutation of the linearmycins BGC in S. Mg1 abolishes the lysis in 

nearby B. subtilis colony [94]. These identifications lead to further mechanistic studies of 

specialized metabolism in bacterial interaction.  

In this dissertation, I established genetic and chemical approaches to study 

bacterial specialized metabolisms. First, I adopted the established pCRISPomyce-2 based 
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CRISPR-Cas9 mutagenesis in non-standard model organism S. Mg1 and found limitations 

in transformation recovery. To overcome those limitations, I exploited a dual-CRISPRi 

system, which uses double guide RNAs and catalytic inactive dCas9 to extensively 

diminish the production of targeted specialized metabolic pathways (Chapter II). Using 

these genetic tools, I identified the previously uncharacterized lavendomycin biosynthetic 

pathway from S. Mg1 and potential biological functions for lavendomycin (Chapter III). 

Moreover, I discovered a thiopeptide candidate, its BGC and a possible fitness function 

from S. albus (Chapters III). Finally, I uncovered the mechanism of LoaP-dependent 

regulation in difficidin and macrolactin BGCs in Bacillus velezensis. And I investigated 

other potential regulatory elements in the bacillaene BGC in B. subtilis. (Chapter IV). In 

this final chapter, I will discuss the conclusions and highlight future directions of this 

research.  

 

CRISPR based mutagenesis in Streptomyces 

CRISPR mediated genetic manipulations have been established for Streptomyces. 

There are similar shuttle plasmid designs with slightly different configurations, such as 

pCRISPomyces-2 [150], CRISPR-Cas9-CodA [153], pCRISPR-Cas9 [152], and 

pCRISPR-Cas9-LigD [155]. They all share the approach of utilizing a guide RNA-

directed cleavage activity by S. pyogenes Cas9. Knockout or knock-in is achieved through 

sealing the DNA double-strand break (DSB) either by precise homology-directed repair 

(HDR) or error-prone nonhomologous end joining (NHEJ). The pCRISPomyces-2 

plasmid has been adapted to S. Mg1 and validated in this research (Chapter II). However, 
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conjugation recovery in S. Mg1 was inefficient. We hypothesize this inefficiency is due 

to genome instability caused by the DSB, and inefficient homologous recombination in 

Streptomyces, though this remains to be determined.  

Inefficiency of CRISRP-Cas9 mediated mutagenesis has been recently addressed 

and provided with a DSB-free solution, called CRISPR-BEST, converts a C-G base pair 

to T-A, and vice versa, within a targeted window to artificially introduce a stop codon 

[160]. In addition, recent data suggest that the delay or absence of growth is also due to 

the toxicity of Cas9 protein level, which can be adjusted in specific Streptomyces strains 

to optimize efficiency [161]. Other alternative Cas systems such as Streptococcus 

thermophilus CRISPR1 Cas9 (sth1Cas9), Staphylococcus aureus Cas9 (saCas9), and 

Francisella tularensis subsp. novicida U112 Cpf1 (fnCpf1), have also been validated in 

Streptomyces for genome editing [238].  

To overcome the inefficiency potentially caused by DSB in S. Mg1, we detoured 

and developed a CRISPR interference (CRISPRi) system using dCas9 that blocks 

transcription initiation or elongation, instead of causing a DSB in DNA [156]. Our system 

relies on a plasmid integrating to the phage attachment site embedded in Streptomyces 

genome and constitutively expresses a dCas9 and a targeting guide RNA. Compared to 

using pCRISPomyces-2, this CRISPRi system dramatically increases the efficiency of 

conjugation and transformation recovery in S. Mg1, which benefits us for downstream 

study. During the time of our study, a CRISPRi system, based upon the pCRISPR-Cas9 

system, was established to reversibly controls expression of target genes in S. coelicolor 

[152]. As testing cases, our CRISPRi system disrupts blue and red pigment pathways in 
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S. coelicolor, but only partially diminish targeted gene product or specialized metabolite 

BGC (as tested in sfhA gene and linearmycins BGC). To further optimize the CRISPRi 

system and ensure maximal impact, we added an additional guide RNA into the system 

and finalized dual-sgRNA CRISPRi system (2 distinct sgRNAs targeting within 5’ UTR 

and beginning of the ORF). When testing with known BGCs, dual-sgRNA CRISPRi 

systems efficiently disrupt linearmycins and desferrioxamine biosynthetic pathways and 

expose mutant phenotypes, respectively (Chapter II). A nonnegligible advantage of dual-

sgRNA CRISPRi system is that two distinct sgRNA sequences show high specificity and 

minimal off-target effects [169]. 

In addition, this CRISPRi system is operable and straightforward enough to be 

used as in experiments in an educational undergraduate level teaching lab to help students 

understand genetics and natural product biosynthesis.  

As a genetic tool developed for disrupting unknow BGCs in Streptomyces, dual-

sgRNA CRISPRi system is currently under investigation targeting lavendomycin and the 

thiopeptide BGCs in S. Mg1. Since we anticipated for comparative deficiencies of losing 

unknown metabolites, we generated CRISPR deletion strains in parallel to reinforce our 

strategy. 

With these contemporary CRISPR-Cas9/dCas9 system and toolkits available as 

solutions to streptomycete genetics to delete, activate or silent genes and BGCs, the field 

is facilitated with diversification for the discovery of specialized metabolites, BGCs, and 

biological or medical functions of natural products. 
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CRISPRi mechanism in Streptomyces 

CRISPRi relies on the endonuclease inactive Cas9, introduced by point mutations, 

D10A and H840A, in the two catalytic sites of the gene encoding Cas9 [156]. 

Theoretically, CRISPRi uses guide RNA, complementary base-paring to the genomic 

target, and recruits dCas9 complex to the target locus as a transcription block. While 

developing the CRISPRi or dual-sgRNA CRISPRi for Streptomyces, we noticed an issue 

with direct measurement of gene expression with qRT-PCR. Although with the 

observation of disruption phenotype caused by dCas9, we detected no obvious impairment 

in transcript abundance of targeted genes (Chapter II). Our observations are conflicting to 

most of the reported mechanisms on how dCas9 works in vivo [156,157,169]. This 

addresses an interesting question about how dCas9 works in Streptomyces. Similar 

observations have been reported in eukaryotes, such as HeLa cells [163]. A decrease in 

protein concentration was detected, along with no evident change in corresponding mRNA 

level, indicating a potential posttranscriptional or translational regulation of dCas9. With 

the specific PAM sequence required for target recognition, Cas9 enzymes have the ability 

to act on both DNA and RNA target sequences [162,239]. Alternative possible 

explanations demonstrated in yeast, instead of functioning as a roadblock, the 

sgRNA/dCas9 binding creates a permissive environment for transcription initiation or 

termination, which generates novel sense and antisense transcripts [170]. For our purpose 

to disrupt unknown BGCs, it is essential to develop an assay to measure the efficacy of 

CRISPRi in Streptomyces. Because without knowing the BGC product, it is impossible to 

validate CRISPRi inside cells. Before that, a detailed CRISPRi mechanism in these high 
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GC organisms needs to be elucidated. We propose some experiments such as using 

reporter systems to measure translation or protein abundance with presence and absence 

of CRISPRi, and a combined crosslinking, immunoprecipitation, crosslink reversal 

strategy to directly measure CRISPRi targets inside cells.  

 

Characterization of lavendomycin biosynthetic pathway 

Taking the advantage of genetic approaches and bioinformatics, we applied 

phenotypic comparisons and identified a previously uncharacterized biosynthetic 

pathway, likely producing lavendomycin, from S. Mg1. Our phenotypic comparisons not 

only compare metabolic outputs, but also morphology, and competitive fitness in different 

growth conditions, which result in identification of new potential biological functions for 

lavendomycin.  Although lavendomycin was discovered by conventional large-scale 

fermentation of Streptomyces lavendulae subsp. brasilicus in 1985 [194], its biosynthetic 

gene cluster has never been previously reported. Thus bioinformatic prediction is unable 

to recognize the BGC and the molecule. With our current tandem MS spectra, we are able 

to verify the amino acid residues composing the NRP match with lavendomycin. 

When proposing the biosynthetic pathway for the synthesis of this NRPS product, 

we noticed several interesting features of this BGC. Canonical NRPSs follow the direction 

of enzymatic domains, encoded by their biosynthetic genes, to build the final peptide. The 

conservation of those catalytic domains makes it possible to reliably predict their potential 

functions. In this case, the thioesterase (TE) domain, which finalize the synthesis and 

release the product from assembly machineries, does not reside at the C- terminal of the 
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gene cluster. This rare arrangement indicates a non-canonical, and non-colinear 

biosynthesis mechanism, resembles the polymyxin A biosynthesis [199]. In addition, TE 

domains divergent into two main subclasses in regard to their catalytic function as 

hydrolyzation or cyclization [240]. We roughly aligned homology of several TE domains 

from known NRPS biosynthetic pathways, for instance, penicillin, iturin, plipastatin, 

surfactin, dapromycin. The TE domain from lavendomycin is closely clustered with 

daptomycin TE domain (Figure A2), indicating the potential cyclization function. 

However, this preliminary and computational analysis needs to be experimentally verified 

by more detailed structure study with NMR. 

Disrupting plausible lavendomycin BGC results in a several phenotypes of S. Mg1, 

developmental deficiency, low tolerance in acidic nutrient limit condition, and antibiotic 

activity. The antibiotic activity against Gram-positive bacteria was originally reported 

along with the identification of lavendomycin [194]. Other biological functions are 

initially observed from this work. Aerial hyphae development is critical in Streptomyces 

lifecycle, involving signaling, quorum sensing cell division and specialized metabolism. 

Therefore, a fitness mechanism of lavendomycin to the producing organism needs to be 

addressed. For example, desferrioxamine, an iron-chelating siderophore, is required for S. 

coelicolor aerial hyphae development. Also based on my observation of developmental 

deficiency in desferrioxamine dual-CRISPRi strain, one possible function of 

lavendomycin could be as a siderophore. There are many NRPS biosynthesized 

metabolites from bacteria reported with siderophore function, to list a few, enterobactin 

from E. coli; Bacillobactin from B. subtilis, vibriobactin from V. cholerae; acinetobactin 
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from Acinetobacter calcoaceticus; mycobactin T from M. tuberculosis; pyoverdin and 

pyochelin from P. aeruginosa; anguibactin from V. anguillarum [241]. 

 

Identification of thiopeptides 

Since we prioritized the BGCs of interest by their biosynthetic chemistry and 

transcriptional profiles, we launched our interest into a thiopeptide BGC with a relatively 

high expression level. Bioinformatics predicts nearly identical precursor peptides in S. 

Mg1 and S. albus. We used genetic approaches to expose phenotypic differences between 

wildtype and deletion mutant. In this case, S. albus mutant exhibits a developmental 

phenotype, while S. Mg1 mutant does not show any observable phenotype. Our 

identification of the metabolite is based on a HPLC fraction with peak depletion in the 

mutant extract comparing to wildtype. Computational analysis facilitates comparative 

metabolomics and benefits us for identifying mass candidate(s) for this unknown 

thiopeptide. However, better resolution MS/MS spectra are required to propose the 

structure of the thiopepide.  

Initial search using S. Mg1 cluster 9 precursor peptide in the thiopeptide database 

(ThioFinder) only showed identity in S. albus [195]. Further alignment in NCBI databases 

using only 21 amino acid sequence of the structural peptide shows 100 identical sequences 

span in different actinomycete species. With all kinds of post-translational modifications 

among different organisms, it implies a family of thiopeptides with similar backbone but 

completely different structures. Currently, S. Mg1 and S. albus thiopeptide BGCs are 
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under investigation in parallel. Finding from these two organisms will provide insights 

into identifying and characterizing the family of thiopeptides.  

 

Regulatory functions in specialized metabolic pathways 

Specialized metabolites are synthesized by enzymatic machineries encoded by 

biosynthetic genes within microbial genomes. Different from primary metabolisms, 

intrinsically determine viability of an organism, specialized metabolic genes modulated 

when necessary. For instance, when sensing a competitor within the living niche, one 

organism responds with elevated expression of its antibiotic synthesis genes to ensure 

survival. However, the regulatory mechanisms of all specialized metabolites BGCs in 

distinct organisms vary from each other. In this study, we uncover a processive 

antitermination factor LoaP, encoded by a gene proximally associated with difficidin BGC 

in Bacillus velezensis. A deletion in loaP, not only abolish the production of difficidin, 

but also another polyketide macrolactin BGC faraway along the genome. Corresponding 

to transcriptional analysis, LoaP regulates both polyketide BGCs through a processive 

antitermination mechanism (Chapter IV). However, the other polyketide, bacillaene BGC 

is not in relation with LoaP, indicating an independent regulation mechanism.  

Processive antitermination is not only regulated by protein, but also cis-regulatory 

RNA elements [228]. The intergenic region between pksC and pksD (S617) is necessary 

for a massive production of bacillaene. We hypothesized an antitermination function for 

S617. However, our data suggest a potential post-transcriptional regulation of S617 in 



 

120 

 

bacillaene BGC. To follow up current study, transcriptional and translational reporter 

systems will benefit our understanding of the detailed regulatory mechanism of S617. 

Meanwhile, we identified some other regulatory elements within bacillaene BGC. 

The intrinsic pksG promoter activity specifically in forespores of B. subtilis is 

demonstrated with transcriptional reporter fusion by fluorescent microscopy. One possible 

reason for this intrinsic promoter may be involved in differential expression of 

downstream large ORFs for later stage quick assemble as megacomplex for bacillaene 

production. Some preliminary transcription data indicated that PpksG is not controlled under 

sigma factor F. To follow that up, a fluorescent reporter system can be employed to detect 

activation regulation of this intrinsic promoter under different sporulation sigma factor 

depletion background (early stage σE, and later stage σG, σK). Other positive or negative 

regulator can also be involved in regulating specialized metabolisms in specific 

conditions, such as spotulation in B. subtilis. Understanding the regulation mechanism 

provides insights in specialized metabolism under different condition in bacteria. 
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By combining bioinformatic, modern genetic and metabolomic approaches, this 

work lays the foundation for future characterization of specialized metabolism and 

biological functions from unknown biosynthetic gene clusters in bacteria. For example, 

cluster 3 and 15 BGC disruption were generated by CRISPR deletion. As I did not see 

obvious phenotypic differences from the depletion strains comparing to wildtype, those 

mutant strains were not followed up with metabolic profiling. In addition, I noticed great 

potential of S. Mg1 in producing RiPPs, several dual-sgRNA CRISPRi strains were 

engineered targeting cluster 11,13,14, and 20, respectively, which could be followed with 

bioinformatic predictions on biosynthesis, and metabolomics identification. Further 

knowledge will eventually facilitate to understand how these microorganisms produce 

certain specialized metabolites in complex microbial communities. 
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APPENDIX 

 

 

Figure A1. Comparison between pCRISPomyces-2 and pCZ2 CRISPRi systems. 

(A) The pCRISPomyces-2 uses Cas9 protein as molecular scissors to generate DSB at 

sgRNA targeting region. The DSB is subsequently repaired by homologous 

recombination. HRD: homologous recombinant DNA. (B) The pCZ2 CRISPRi system 

integrates to the phage attachment site of a given Streptomyces genome, and constitutively 

express dCas9 and guide RNA. Instead of creating DSB, it binds target region, repress 

following transcription and translation. 
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Figure A2. Phylogenetic comparison between NRPS thioesterase. 

Sequences of thioesterase catalytic domains from cyclized NRPs penicillin, iturin, 

tyrocidine, fengycin, surfactin, plipastatin, daptomycin and linear NRP nocardicin are 

aligned with cluster 28 lavendomycin predicted thioesterase. Similarity is reported in 

phylogenetic tree. TE: thioesterase. 

 

 


