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ABSTRACT 

Over the past few decades, about two-thirds of the small molecule drugs in application are 

based on microbial natural products (NPs) and their analogs. The undisputed success 

notwithstanding, the continuous increase of antimicrobial resistance and a high rate of 

rediscovery of NPs applying traditional cultivation and screening methods pose a serious 

threat to modern medicine and agriculture. Modern high-throughput microfluidic-based 

approaches as well as omics-based technologies are proven complementary and beneficial 

alternatives in order to discover novel NP scaffolds and combat this crisis. 

In this study, droplet-based microfluidic approaches have been developed and implemented 

for high-throughput microbial cultivation and screening. First, more than a thousand axenic 

cultures were retrieved from a soil sample and their antimicrobial activities were evaluated. 

The cultured strains were affiliated to five phyla (57 genera) including one member of the 

Acidobacteria phylum (genus Edaphobacter). Based on this droplet-based microfluidic 

approach and with the aim of setting up a more complex, multi compartment, and high-

throughput microfluidic assay, a technical method to encase the previously generated agarose-

solidified droplets with a further agarose shell has been successfully developed and validated. 

In parallel, the traditional activity-based discovery of NPs has been supplemented with 

genomics and metabolomics technologies to study the entire phylum of the Bacteroidetes – a 

taxonomic branch that has not been intensively explored in relation to the production of NPs. 

Computational prediction tools (i.e., antiSMASH, BiG-SCAPE) were used to determine the 

biosynthetic gene cluster (BGC) amount, type, distribution, as well as diversity to rate the 

biosynthetic potential encoded within the genomes of 600 Bacteroidetes strains. It revealed a 

genetic repertoire comparable towards classical NP producer taxa of a few genera, rather than 

a general ability of the entire phylum-members. A metabolomics analysis of the outstanding 

genus Chitinophaga (25 strains) confirmed the genomic-based prediction by revealing a 

chemical space not able to be assigned to any microbial NP identified today, except of the 

antimalarial compound Falcitidin. Based on this datasets, several bioactive natural products 

have been isolated, characterized and their structures have been elucidated by performing 
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extensive UHPLC-MS/MS and NMR experiments supplemented by Marfey’s analysis. While 

the novel cyclic lipodepsipeptides chitinopeptins A–D exhibit broad antimicrobial activity, the 

lipoamino acids are active against Moraxella catarrhalis FH6810, and the identified pentacitidins 

(linear pentapeptides with a C-terminal aldehyde) act as parasitic cysteine protease inhibitors 

with an additional low-micromolar inhibition of α-chymotrypsin. Putative non-ribosomal 

peptide synthetase BGCs corresponding to the structural features of the chitinopeptins and the 

pentacitidins have been discovered and similar BGCs have been found in further Chitinophaga 

genomes. 

This work contributes to the field of NP research as it states the enormous potential of 

microfluidic-based high-throughput cultivation and screening assays by establishing and 

advancing complex agarose-solidified droplet-based microfluidic approaches. Furthermore, 

omics and isolation studies performed as part of this work highlight the phylum Bacteroidetes 

as an exciting bioresource capable of producing novel NP scaffolds, many of which await 

discovery. 
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INTRODUCTION 

In the early 20th century the discovery of the first antibacterial substances, e.g., Prontosil, a 

sulphonamide drug, and penicillin, represented a breakthrough in therapeutic treatment of 

bacterial infections that previously frequently resulted in the patient’s death (Domagk, 1935; 

Chain et al., 1940). The success of these small molecules promoted the discovery and 

development of further anti-infective compounds, especially microbe-derived natural 

products (NPs). Many of the nowadays known anti-infective compound classes were found 

during the golden age of antibiotics up on the 1970s. Ended by constant rediscovery and high 

developing costs, the golden age has been followed by a diminishing number of approved anti-

infective agents for application to this day. Evidently, this development represents a 

contradiction to the constant accumulation of non-treatable, multi, and even pan-resistant 

pathogens with socioeconomic consequences for human health and global food supply 

security (Fair and Tor, 2014; Talebi Bezmin Abadi et al., 2019; Lewis, 2020; Murray et al., 2022). 

However, since about two-thirds of the new chemical entities approved by the US Food and 

Drug Administration from 1981 to 2019 are associated to NPs (Newman and Cragg, 2020), the 

relevance for the discovery and constant supply of NPs for the development of new therapeutic 

agents remains high (Atanasov et al., 2021). Fortunately, the renaissance of NP research in both 

academia and industry has been witnessed by advances in high-throughput screening and 

sequencing, analytical technologies as well as synthetic biology, and bioinformatics (Li and 

Vederas, 2009; Bérdy, 2012; Wohlleben et al., 2016; Wright, 2019). 
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1. Natural product research 

NPs are specialized chemical compounds produced in nature and commonly referred to as 

‘secondary metabolites’. These low molecular weight molecules are usually taxonomically 

restricted compounds not directly involved in cell growth or reproduction with specialized 

functions. Their characteristics are shaped by evolutionary adaption to specific environments. 

They serve as intra- and inter-species communication and differentiation effectors, as metal 

transporting agents or as weapons used against environmental competitors (Demain and Fang, 

2000; Davies, 2013). Nature possesses a vast chemical diversity of unique molecules that are 

customized and adjusted for interactions with their respective molecular target (Firn and 

Jones, 2003). NP scaffolds are diverse, target-affine, and specific, and are therefore an essential 

source for drug discovery (Hong, 2011). Historically, most of the anti-infective NPs originate 

from intensive studies of rather easily to cultivate and prolific microbial NP producer, i.e. the 

Actinobateria, Firmicutes, Proteobacteria and Myxobacteria, covering a limited taxonomical 

diversity (Monciardini et al., 2014; Challinor and Bode, 2015). In contrast, technical and 

scientific progress today predicts a connection between phylogenetic and genomic divergence 

and chemical diversity (Achtman and Wagner, 2008; Medema et al., 2014; Monciardini et al., 

2014; Tracanna et al., 2017; Hoffmann et al., 2018). Along with a not yet-exhausted genetic 

potential of traditional prolific microbial NP producers such as Streptomyces and Bacillus (Zhao 

and Kuipers, 2016; Adamek et al., 2019; Belknap et al., 2020), biosynthetic richness is found 

across various branches of the tree of life (Cimermancic et al., 2014; Challinor and Bode, 2015; 

Tracanna et al., 2017). Thus, investigation efforts exploiting the genetic and metabolic 

capabilities of underexplored, or even prior uncultivable microbial taxa, revealed a hidden 

potential for further unknown NPs (Brady et al., 2009; Piel, 2011; Wilson et al., 2014; Challinor 

and Bode, 2015; Harvey et al., 2015; Dejong et al., 2016; Hoffmann et al., 2018). 

In the next decades, scientists will continue to discover new classes of anti-infectives from the 

emphasized almost boundless chemical diversity of NPs that is predicted in the large diversity 

of biosynthetic gene clusters (BGCs), found in microbial genomes within all branches of the 

tree of life. 
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1.1. Microfluidic-based anti-infective discovery approaches 

Accessibility of taxonomically broad and diverse microbial species is crucial for NP research, 

especially those that are underrepresented in this research area or even uncultured today. So 

far, the five phyla – Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, and 

Proteobacteria – represent 95% of all cultivated and published species. The remaining 5% are 

representatives of more than 20 phyla (Keller and Zengler, 2004). 

Traditional cultivation approaches are limited in the throughput and the cultivability of most 

of these microorganisms in vitro. The development of miniaturized cultivation methods paved 

the way to increase the number of culturable microorganisms. Miniature diffusion chambers 

of various sizes were designed to retrieve environmental microbial colonies in situ or to rapidly 

identify cultivation conditions for target cultivation of representatives of previously 

uncultured microbes. Several successfully in situ studies have shown that such devices are 

capable of cultivating new species likely because diffusion provides them with their naturally 

occurring growth factors. (Manome et al., 2001; Bollmann et al., 2007; Ingham et al., 2007; 

Nichols et al., 2010; Ma et al., 2014b; Ma et al., 2014a; Tandogan et al., 2014). One of these new 

species, the rare Proteobacteria Eleftheria terrae, was even found to produce the novel antibiotic 

teixobactin (Ling et al., 2015). 

Other miniaturization approaches focus on even smaller compartments applying droplet-

based microfluidics (Kaminski et al., 2016; Price and Paegel, 2016). Droplet-based systems 

create discrete volumes (µL to fL) with the use of immiscible phases (Teh et al., 2008; Seemann 

et al., 2012). In recent years, simplified systems were commercialized and thus supported the 

development of e.g., high-throughput cultivation approaches (Vincent et al., 2010; Nge et al., 

2013; Volpatti and Yetisen, 2014; Jiang et al., 2016; Cao et al., 2017; Terekhov et al., 2017; Mahler 

et al., 2018; Villa et al., 2020; Watterson et al., 2020; Mahler et al., 2021). Downscaling and 

compartmentalization are advantages of such systems that allow to retrieve a few thousand of 

axenic microbial cultures in a single run (Zengler et al., 2002; Akselband et al., 2006; Theberge 

et al., 2010; Mahler et al., 2018; Mahler et al., 2021). The extreme small-scale droplets allow cells 

to shape their microenvironment towards their specific/individual needs and avoid growth 

competition (Martin et al., 2003; Keller and Zengler, 2004; Ben-Dov et al., 2009; Boedicker et al., 
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2009; Ishii et al., 2010; Vincent et al., 2010; Stewart, 2012; Boitard et al., 2015; Jiang et al., 2016; 

Cao et al., 2017; Terekhov et al., 2017; Villa et al., 2020; Watterson et al., 2020). In general, these 

systems increased the throughput as well as the diversity, and therefore, the probability to 

retrieve microorganisms uncultured before (Hengoju et al., 2020a). 

1.2. Review – Bioactive natural products from Bacteroidetes 

The Bacteroidetes phylum is represented by Gram-stain-negative, chemo-organotrophic, non-

spore forming rod shaped bacteria that are widely distributed in all environments. Most of 

them are easy to cultivate, which allows them to be intensively studied under laboratory 

conditions (Thomas et al., 2011; Mendes et al., 2013). Interestingly, there is an attributed high 

genetic potential for the production of NPs from Bacteroidetes species (Borsetto et al., 2019), 

while the number of biologically active compounds is low. Hence, we reviewed the literature 

for bioactive molecules from Bacteroidetes to highlight this phylum as an underexplored 

microbial source in the field of NP research. 
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2. Aim of this work 

The aim of this work is to develop and establish a microbial cultivation approach based on 

agarose-solidified droplet-microfluidics. This technology will then be implemented into a 

cultivation and screening platform used to search for novel anti-infective NPs. Therefore, 

starting from diverse environmental samples, axenic cultures should be retrieved and 

domesticated for in vitro growth, enabling classical bioactivity screening of the resulting 

extracts. 

Building on this microfluidics method, it should be developed into a more complex two 

compartment system to potentially allow new high-throughput screening approaches in the 

future. 

Furthermore, is aimed to investigate the potential of the microbial phylum Bacteroidetes to 

biosynthesize valuable anti-infective NPs.
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CHAPTER 1 – MICROFLUIDICS 

Nowadays the cultivability of microorganisms at laboratory conditions is indispensable for the 

discovery of NPs that serve as future medical lead structures. Hereby, the taxonomical broad 

and diverse accessibility to this valuable resource is of crucial importance. Microfluidic-based 

approaches have proven to be applicable to culture microorganisms including previously 

uncultured species. 

In frame of this work, a microbial cultivation approach based on droplet-microfluidics should 

be established and implemented into a cultivation and screening platform used to search for 

novel anti-infective NPs. The first goal was to retrieve and screen a high taxonomical diversity 

of axenic microbial cultures from environmental samples, including representatives of species 

not yet explored. The following publication – “Combination of high-throughput microfluidics and 

FACS technologies to leverage the numbers game in natural product discovery” – depicts the potential 

and feasibility of the agarose-solidified droplet-microfluidic cultivation approach established 

herein. In addition to this miniaturized cultivation approach, which is based on simple water-

in-oil (w/o) emulations, the second goal was to further develop the approach towards a more 

complex two compartment system based on agarose-solidified double emulsions (w/w/o). The 

scaled-down, high-throughput screening of environmental microorganisms for anti-infective 

NPs at this miniaturized droplet-scale could be a possible application thereof. The second 

microfluidics publication – “Two-step generation of monodisperse agarose-solidified double 

emulsions (w/w/o) excluding an inner oil barrier” – represents the developed microfluidics method 

– the first of its kind – to enable the generation of agarose-solidified double emulsions (w/w/o).
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Publication I – Combination of high-throughput microfluidics and FACS technologies to leverage the numbers game in natural product discovery 

Publication I 
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Publication II – Two-step generation of monodisperse agarose-solidified double emulsions (w/w/o) excluding an inner oil barrier 
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the figures for the manuscript. He also wrote the draft of the manuscript as well as the 
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CHAPTER 2 – BACTEROIDETES 

Many of the nowadays known anti-infective compound classes were found while screening 

microorganisms belonging to the Actinobateria, Firmicutes, Proteobacteria and Myxobacteria. 

While many of them are easily accessible under laboratory conditions, NP research faces 

constant rediscovery of known anti-infective molecules.  

In the scope of this work, the Bacteroidetes phylum, a taxonomic branch not yet intensively 

explored in relation to the production of NPs, should be investigated for its potential to 

biosynthesize valuable bioactive NPs. Within the publication – “Genomic and Chemical 

Decryption of the Bacteroidetes Phylum for Its Potential to Biosynthesize Natural Products” – 

genomics and metabolomics technologies have been applied to uncover and highlight multiple 

Bacteroidetes genera for extended NP production capabilities. Based on this large in silico and 

in vitro generated datasets, the following two publications – “Novel Glycerophospholipid, Lipo- 

and N-acyl Amino Acids from Bacteroidetes: Isolation, Structure Elucidation and Bioactivity” and 

“Identification, Characterization and Synthesis of Natural Parasitic Cysteine Protease Inhibitors – 

Pentacitidins are More Potent Falcitidin Analogs” – depict the large untapped chemical space of 

the Bacteroidetes genus Chitinophaga. In total, the identification and characterization of several 

novel bioactive NPs has been archived. 
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DISCUSSION 

Droplet-based microfluidics approaches for anti-infective NP discovery 

Among various other examples, the increasing scientific challenges of discovering new anti-

infective NPs in conjunction with the emerging AMRs (Murray et al., 2022) continuously 

decrease the already declined therapeutic armamentarium. While common anti-infective 

compound classes were found applying classical bioactivity-based whole-cell phenotypic 

screening approaches during the golden age of antibiotics, microbial cultivation-based 

approaches still hold notable potential in discovering new anti-infective NPs. The lower 

chances of finding novel scaffolds for drug development must be contrasted with increased 

throughput. In consideration of optimal growth conditions, including natural occurring 

growth factors and nutrient supply, microbial dormancy, a bet-hedging strategy used by a 

variety of organisms to overcome unfavorable environmental conditions (Lennon and Jones, 

2011) and the reason uncultivable species exist, could be overcome. Hence, as transition from 

dormancy to activity is a stochastic process (Epstein, 2013), the chance to cultivate previous 

inaccessible microbial diversity rises. 

In recent years, droplet-based microfluidics has emerged as a method of choice for high-

throughput processes. It enables the generation, manipulation and monitoring of individual 

compartments (droplets) on a picoliter-scale. Realistically, it can deliver million-fold 

improvements in throughput compared to conventional methods, while consuming just a few 

microliters of sample. With its key features of compartmentalization, miniaturization, and 
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parallelization, it has rapidly evolved as a prominent technology in various research fields 

including microbiology and anti-infective NP discovery (Kaminski et al., 2016; Price and 

Paegel, 2016). 

The results of the droplet-based microfluidic cultivation approach developed and established 

within this work, which is based on agarose-solidified droplets and presented in Publication I 

(Chapter I), show the enormous potential of microfluidic-based cultivation approaches. In 

total, 1071 strains of five different phyla affiliated to 57 genera were brought into culture, 

including underrepresented proteobacterial genera and a fastidious representative of the 

Acidobacteria. These results are in alliance with studies using similar droplet-based cultivation 

approaches (Zengler et al., 2002; Akselband et al., 2006; Ben-Dov et al., 2009; Cao et al., 2017; 

Terekhov et al., 2017; Mahler et al., 2018; Villa et al., 2020; Watterson et al., 2020; Mahler et al., 

2021). In particular, the microfluidics method was established using only commercially 

available microfluidic components (µEncapsulator 1 system, Dolomite Bio). In contrast to 

many published studies that have been based on bespoke systems and chips (Cao et al., 2017; 

Terekhov et al., 2017; Mahler et al., 2018; Watterson et al., 2020; Mahler et al., 2021), this reduces 

complexity while allowing a maximum of scalability and reproducibility. Though using such 

a system, the implementation, maintenance and daily operation as well as a rapid method 

transfer to other laboratories is ensured.  

This is also consistent with the analysis of the droplets that has to compete in terms of 

throughput with droplet generation at a few kilohertz. The applied flow cytometry technique 

in Chapter I is routinely been used for the analysis of such droplets and standardized in many 

laboratories (Manome et al., 2001; Zengler et al., 2002; Akselband et al., 2006; Terekhov et al., 

2017). It allows to analyze and process droplets at kilohertz based on physical and chemical 

characteristics. However, as droplets can be of various physical properties and research 

questions need to be addressed with any readout possible, more variable, flexible and modular 

systems evolved. Many detection, analysis and sorting systems are custom made and include 

one or more on-chip optical (Zang et al., 2013; Cao et al., 2017; Mahler et al., 2018; Watterson et 

al., 2020; Mahler et al., 2021), optofluidics (Sciambi and Abate, 2015; Mahler et al., 2018; Tovar 



Discussion 

- 123 - 

et al., 2019; Hengoju et al., 2020b; Mahler et al., 2021) and mass spectrometry-based solutions 

(Mahler et al., 2018; Wink et al., 2018). Whole fluorescence-activated droplet sorting devices 

were also constructed (Baret et al., 2009). Nevertheless, on-chip-based solutions are technically 

more complex and custom made. Special equipment and skilled operators are required. 

Therefore, their establishment is more expensive and time-consuming compared to the 

implemented and standardized approach presented in Chapter I, Publication I. 

On the other hand, these technical developments indicate that up- and downstream processes 

in anti-infective research, i.e., cultivation, phylogenetic and chemical characterization of 

individual strains, and activity screening will in future be miniaturized as standard down to 

microfluidic level. This results in more complex droplet-applications and manipulation as well 

as technical requirements. A few examples are already published. Mahler et al. created a 

modular workflow to cultivate and screen environmental microorganisms in droplets for 

bioactivity using several custom made microfluidic chips. First, droplets were generated with 

single environmental cells, followed by incubation and reinjected into a microfluidic chip 

allowing picoinjection. This was used to inject fluorescent-tagged reporter strains into these 

droplets for screening purposes. Finally, droplets were sorted via dielectrophoresis using an 

on-chip droplet sorting structure based on fluorescence readout (Mahler et al., 2018; Mahler et 

al., 2021). Another more complex droplet-application allows to perform droplet-based, more 

destructive anti-infective research processes such as phylogenetic characterization based on 

sequencing. Droplet splitting could be used to create two daughter droplets, one for a 

destructive assay and the other to recover the droplet content (Link et al., 2006; Ng et al., 2015). 

In order to accompany the implications outlined above, further complex and multilayer 

microfluidic approaches need to be developed in future. The microfluidic method published 

as Publication II (Chapter I) is an example of such a novel multi compartment assay. The assay 

builds on the same agarose-solidified agarose droplets and is performed at the same common 

microfluidic setup used in Publication I. Therefore, it is able to be standardized and 

implemented easily in other laboratories. The agarose droplets are washed applying a 

Nykodenz® density gravity gradient. Followed by the addition of a second agarose layer to the 
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washed droplets using the same microfluidics system. This results in agarose-solidified double 

emulsions not separated by a diffusion barrier (surfactant stabilized oil). This assay is the first 

of its kind with a washing step in between. 

First application examples are shown in Publication II with one of them been a screening assay 

with fluorescent-tagged indicator strains. First, microorganisms could be cultivated within the 

droplets and an indicator strain could be added for any kind of readout in the second step. 

However, for some applications, such as an antimicrobial screening assay, the washing step 

might be a disadvantage. Any soluble molecules will be washed out during the washing step 

and need to be produced again after adding the second agarose layer, including any possibly 

produced compound with bioactivity. Therefore, with a fast readout time, the detection of 

slowly produced or anti-infective compounds with week potency could be very difficult. 

However, facing the general miniaturization down to microfluidic-based applications, a 

washing step is essential for various assays (e.g., phage display). For such a purpose, the 

method developed in this work could be easily applied and opens up new possibilities for 

researchers trying to miniaturize their assays. The multilayer microfluidic approach published 

as Publication II could also be applied in the field of microbial co-cultivation. In most cases, 

microorganisms co-exist within complex microbial communities while experiencing 

competition and/or antagonism. Co-cultivations can simulate such interactions, leading to 

favorable microbial growth under laboratory conditions, and thus could likely help to cultivate 

species that have not been cultivated before (Kaeberlein et al., 2002; Schink, 2002; Park et al., 

2011; Marmann et al., 2014). Additionally, the microfluidic method could be adapted by adding 

a liquid layer rather than a second agarose layer on the washed droplets. It could be used to 

encapsulate environmental cells in a solid as well as liquid phase. During FACS sorting, this 

results in the loss of the liquid layer containing environmental microorganisms, and thus 

recovery of the cells grown in the solidified agarose droplet. This would allow high-

throughput co-cultivation in droplets while retrieving axenic cultures. Other applications need 

to be tested next. 
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In this perspective, the work that was conducted in Chapter I addresses the recent rise of 

droplet-based microfluidic methods and applications in the field of anti-infective research. 

Given is the change to cultivate and retrieve new as well as fastidious species due to the 

adaptable cultivation conditions in droplets and the single cell confinement, together with a 

high sampling depth. The enormous potential of microfluidic-based cultivation approaches 

have been proven and will help to standardize such assays in future. Furthermore, the 

developed novel double-emulsion method has the potential to help miniaturize further assays 

and research fields. 

Bacteroidetes – A yet underexplored source of natural product research 

Microorganisms are a valuable source of NPs (Newman and Cragg, 2020). Over 300.000 

bacterial genomes are publically available (as of Nov. 2020) and provide a rich genomic 

diversity (Mukherjee et al., 2021). As the sequencing capacity increases, the cost decreases – a 

unique chance for the research community to tap into the genomic era and revolutionize NP 

discovery (Mardis, 2017; Kalkreuter et al., 2020). Even though the genetic potential for the 

biosynthesis of further promising NPs is still high for rather classical producers such as 

Actinobateria, Firmicutes, and Myxobacteria, a constant rediscovery of known molecules 

challenges classical NP research (Ziemert et al., 2016). The exploration of yet underexplored 

phylogenetic spaces of the bacterial kingdom can be an alternative. Here, the large potential 

that comes with the public genomic data can support the search for such alternatives as it helps 

to predict their potential to produce valuable secondary/specialized metabolites (Borsetto et 

al., 2019). 

In this context, the genomic study performed in Chapter II, Publication III explored and 

illuminated the Bacteroidetes phylum as such an alternative for the discovery of novel NPs. 

Earlier on, it has been described that the Bacteroidetes phylum harbors distinct adenylation 

and ketosynthase domains. This was correlated with genes coding for non-ribosomal peptide 

synthetases (NRPSs) and polyketide synthases (PKSs). In turn, detecting these genes in the 

genomes of Bacteroidetes strains, the assumption of a high biosynthetic potential to produce 

polyketides and non-ribosomal peptides was raised (Borsetto et al., 2019). The within this work 
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presented study represents the first systematic and comprehensive survey rating the 

biosynthetic potential of all six different Bacteroidetes classes using the bioinformatics tools 

antiSMASH (Blin et al., 2021) and BiG-SCAPE (Navarro-Muñoz et al., 2020). It revealed the 

accumulation of NP production capabilities in only a few taxonomic hotspots, rather than a 

general ability of the entire phylum-members, to produce secondary/specialized metabolites. 

Additionally, evidence was made that the encoded chemical space of the phylum differs from 

that of other bacteria. In particular, the here performed genomic study revealed the 

Chitinophaga as the most promising genus in terms of secondary/specialized metabolite 

production capabilities. The most talented Chitinophaga species even competed with the BGC 

loads of classical producers such as Actinobacteria (Baltz, 2017). 

However, as genomic diversity does not always correlates into chemical diversity (Kalkreuter 

et al., 2020), the translation of the biosynthetic potential into chemical novelty needs to be 

verified. In light of this, a representative metabolomics study of the Chitinophaga was part of 

the research in Publication III. The identified chemical space compromises more than 1,000 

unknown candidates that could not been associated to microbial NPs known today. Although 

comparability of such extensive approaches is challenging due to different dataset sizes, 

composition as well as technical devices and settings, this dataset competed with its 

uniqueness and value with other metabolomics studies of well-known NP producer taxa 

(Hoffmann et al., 2018). One striking difference however, is the lack of dereplicated known 

metabolites. It can be explained by their underrepresentation in all reference databases utilized 

in this study for data categorization. This is representative of the fact that investigations of the 

genus Chitinophaga and the Bacteroidetes phylum itself have only just begun. 

From this perspective, and among with the rather low number of literature known 

secondary/specialized metabolites not reflecting the phylum’s potential and reviewed as part 

of this work (Introduction), the isolated and characterized compounds reported in Chapter II, 

Publication III, IV and V represent individual examples of bioactive metabolites from the 

untapped chemical space of the Bacteroidetes phylum. The datasets generated with the omics-

technologies used in this work, stand alone or applied in sequel, were proven to make a strong 
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impact on each isolation project. Especially the here presented results reveal the divers 

repertoire of bioactive NPs produced by members of the genus Chitinophaga. The 

chitinopeptins A-D are the first cyclic lipodepsipeptides isolated from the genus Chitinophaga 

and able to coordinate iron (Publication III). The analysis of the genomics data generated 

within this work revealed putative NRPS-BGCs congruent with its structures and even two 

more close related BGCs were found in genomes of other members of this genus. Furthermore, 

based on the metabolomics data, the novel lipoamino acids described in Publication IV were 

identified as ‘core’ metabolites of such strains. In parallel, the same data revealed the presence 

of the tetrapeptide falcitidin, an inhibitor of the antimalarial target falcipain-2 (Somanadhan et 

al., 2013), in several Chitinophaga extracts. Published in Publication V, an intensive follow up 

study predicts this tetrapeptide to be a degradation product of the pentacitidins, novel linear 

pentapeptides carrying aldehyde warheads. The pentacitidins act as even better inhibitors of 

parasitic cysteine proteases. The NRPS-BGC of the pentacitins was also putatively annotated 

in at least five Chitinophaga genomes. 

Based on these insights, the results of Chapter II comprehensively claim the NP potential of 

the entire Bacteroidetes phylum, especially proven for the Chitinophaga genus. This work has 

been proven to be the foundation for all upcoming NP research on this phylum. Applied on 

this underexplored NP source, omics-technologies revealed a large untapped chemical space 

with the potential to discover further promising anti-infective secondary/specialized 

metabolites produced by members of this phylum. 
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CONCLUSION and OUTLOOK 

Today, anti-infective therapies based on small molecules are applied to fight many diseases 

and are likely to become even more substantial in future. Novel methods and technical 

approaches have significantly advanced the field of NP discovery. The field is witnessing a 

renaissance relying on increasing multidisciplinary collaborations between microbiologists, 

data-driven computational as well as synthetic biologists, chemists, and physicists to 

successfully address today’s challenges in the discovery and development of novel bioactive 

small molecules. In this perspective, the here presented work made use of such synergistic 

effects and expertise. The work that was conducted in Chapter I has added technical-driven, 

microfluidic-based high-throughput approaches to an existing NP discovery pipeline. Next 

steps are further improvements of the methods developed herein, especially the double 

emulsion one. Its potential use as a cultivation and screening assay is impeded by the washout 

of any bioactive molecules that might be produced at the cultivation step. After adding the 

second agarose layer to the agarose-solidified droplets, such molecules need to be reproduced 

while the indicator strain also grows within the double emulsion droplet. Therefore, 

preliminary experiments in this direction have already shown that only a combination of 

highly potent molecules and very weak or growth delayed reporter strains leads to a detectable 

inhibition and thus to a usable readout. A solution that needs to be tested next, might be the 

use of autotrophic or inducible reporter strains. 

The results presented in Chapter II are based on large datasets processed with computational 

tools. They are representative of the great progress in the genomic era of NP discovery by 
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comprehensively breaking down the NP potential of the entire Bacteroidetes phylum 

demonstrated specifically for one of the phylum’s determined hotspots in NP production 

capabilities, the Chitinophaga genus. The next steps would be to scale the workflow used here 

to further clades of the Bacteroidetes phylum such as the genus Pedobacter or Cytophaga. In 

combination with novel metabologenomic approaches that directly correlate the detected 

metabolites with their putative BGCs, this would help shed light on the entire treasure trove 

of NPs from the still underexplored Bacteroidetes phylum. Furthermore, it would prove that 

the workflow is applicable to other underexplored phyla and even beyond. 

In the next decades, technical and scientific improvements will guide scientists to discover 

further classes of anti-infectives from the almost boundless chemical diversity of NPs hidden 

in the manifold branches of the tree of life. The future of NP research will continue to rely on 

classical synthetic biology and cultivation approaches, prioritized and guided by harvesting 

large and diverse datasets generated with high-throughput approaches. 
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