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ABSTRACT OF THE DISSERTATION 

Mass Spectrometry Guided Discovery of Microbial Specialized Metabolites 

by 

Jeramie D. Watrous 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2017 

Professor Pieter C. Dorrestein, Chair 

 

 

 The overall themes of this dissertation revolve around the idea that recent advancements in mass 

spectrometry instrumentation and data analysis have had, and will continue to have, a major impact on 

biological research. Specifically, I demonstrate how the development of new analytical methodologies 

allowed me to pose new hypotheses as to the possible function and identity of microbial specialized 

metabolites. Chapter 1 provides an introduction to microbial metabolic exchange, mass spectrometry and 

an overview of the eventual analytical strategy employed to discover bioactive compounds in microbes: 

imaging mass spectrometry (IMS), tandem mass spectrometry (MS/MS) and mass spectral molecular 

networking. In Chapter 2, I describe my work in developing new strategies for imaging microbial systems 

using mass spectrometry. While similar in appearance, each of these methods allows the researcher to view 

a biological system from different molecular perspectives. When taken together, they provide insight more 

comprehensive than any single method is capable of. In Chapter 3, I describe my development of in vivo 



xix 
 

metabolic profiling using nanoDESI mass spectrometry as well as my role in the development of mass 

spectral molecular networking, a tool to organize and analyze MS/MS data. As tools for analysis of tandem 

mass spectrometry data are desperately needed in the field of life sciences, the popularity of mass spectral 

molecular networking (now known as Global Natural Products Social Molecular Networking or GNPS) has 

increased dramatically with our public web server handling around 400 runs per month. In Chapter 4, I give 

several examples of how I have used this recently developed 3-step workflow to answer biological 

questions across multiple systems. And finally, Chapter 5 describes ongoing and future work regarding 

using these techniques to find anti-malarial compounds produced from the gut microbiome of Plasmodium 

falciparum growth-inhibiting mosquitoes.  
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Chapter 1: 

General Introduction 
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Chapter 1: General Introduction 

1.1. Abstract 

This chapter will provide an introduction to microbial metabolic exchange as well as mass 

spectrometry and will give an overview of the eventual analytical strategy I will employ to discover new 

bioactive compounds in microbes in Chapter 4. This strategy, which employs imaging mass spectrometry 

(IMS), tandem mass spectrometry (MS/MS) and mass spectral molecular networking, allows a researcher 

to generate meaningful hypothesis through interpretation of the molecular snapshots generated by IMS and 

to confirm those hypotheses through both targeted and global metabolomic screening approaches afforded 

by the combination of tandem mass spectrometry and molecular networking. 

 

1.2. Introduction to microbial metabolic exchange 

What is microbial metabolic exchange and why is it important to study?  

Communication is defined as “using words, sounds, signals or behavior to exchange information” 

and is a process that has evolved in all living things to allow cooperation. By instilling behavior that 

benefits the population as a whole, cooperation increases biological fitness by allowing coordinated events 

amongst multiple individuals while keeping energy costs to a minimum. While humans are able to 

accomplish this using speech, text and other signals, microbes must rely on their ability to produce a wide 

range of secreted chemical signals to communicate information throughout their population.  These 

specialized chemical signals represent a portion of the microbe’s metabolome and are known as 

specialized, or secondary, metabolites.  

 Specialized metabolites are typically introduced into the extracellular space by the microbe in one 

of two ways: they can remain membrane associated and therefore relay information through direct contact 

or they can be secreted into the environment to reach more distant neighbors. By occupying a wide 

chemical space, specialized metabolites are able to affect a broad range of cellular processes including 

biofilm formation, sporulation, nutrient uptake, cell differentiation and even cell death.
1-5

 The most studied 

mode of action of specialized metabolites is a process known as quorum sensing, a process where cells 

secrete specific compounds into the extracellular space with the desired effect being delayed until the 
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concentration of these compounds, and therefore density of cells producing the compounds, reaches a 

certain threshold. This essentially allows the microbial population to measure its own density so that genes 

are expressed only when there are enough local participants to create the desired chemical effect.  

 Perhaps of more interest than how secreted specialized metabolites affect the producer’s 

population is how these secreted compounds can affect a neighboring species. Microbes almost always 

exist as part of a diverse population within a given environmental niche, which has resulted in evolution of 

a variety of chemical relationships between certain microbes. These relationships range from facultative, 

where the exchange of specialized metabolites between species benefits both parties, to obligatory, where 

one species cannot survive without the specialized metabolites of the other, to even parasitic, where the 

specialized metabolites from one species cause harm to another. In each of these cases, microbes can also 

develop mechanisms to enhance or defend against such interactions. One example of this can be seen with 

iron sequestration.  

All microbes need to uptake iron from the environment to survive.
6
 They typically do this by 

secreting iron-binding compounds, called siderophores, into the local environment which can then be taken 

up by other cells in their population. However, some species of microbes do not produce siderophores and 

must rely on scavenging siderophores secreted by other populations to survive, which causes less iron to 

reach cells from the producing population.
6,7

 In response, the producing population can evolve a more 

promiscuous way of producing these compounds resulting in many structural variants being produced and 

secreted (e.g. Streptomyces coelicolor can produce upwards of 15 different ferrioxamine siderophores).
7
 

Since only a few of these variants can be recognized by the obligate species, this ensures the majority of the 

siderophores reach their target cells.  

Another example illustrating microbial communication is the interaction between the soil bacteria 

Bacillus subtilis and Streptomyces coelicolor.
8
 While both of these bacteria are capable of producing an 

impressive range of specialized metabolites, the wild type strain of B. subtilis is capable of inhibiting the 

chemical and physical development of S. coelicolor through the secretion of non-ribosomal peptides, such 

as the antibiotic compound surfactin, the anti-fungal compound plipastatin, the macrocyclic toxin 

subtilosin, and the polyketide bacillaene (Figure 1.1).
4,8

 However, when production of most of these 

compounds is genetically disabled in B. subtilis, the chemical and physical development in S. coelicolor is 
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accelerated. Upon detection of the competing bacterium, S. coelicolor begins to produce the antibiotic 

pigments prodiginine and actinorhodin followed by accelerated aerial hyphae and spore formation (Figure 

1.1).  

 

 

Figure 1.1: Interactions between Streptomyces coelicolor and Bacillus subtilis. The top row of optical 

images shows that the presence of a lab domesticated strain of B. subtilis, strain PY79, dramatically 

increases phenotypic development in S. coelicolor. At 36 hours, production of the red pigment prodiginine 

is observed on the side of the S. coelicolor colony closest to B. subtilis Py79, followed by production of the 

purple pigmented antibiotic actinorhodin at 48 hours. At 96 hours, white aerial hyphae can be seen on the S. 

coelicolor colony. When wild type Bacillus subtilis is grown next to S. coelicolor (bottom row), the 

production of NRPS and PKS compounds by B. subtilis inhibits production of specialized metabolites and 

aerial hyphae formation in S. coelicolor.  

  

Therefore, by understanding how microbes utilize these secreted metabolic factors to control not only 

their own chemical and physical development but the development of neighboring microbes, we can learn 

to exploit these compounds for their therapeutic and industrial benefits. However, a major hurdle in this 

area of research is the severe lack of analytical tools that allow for rapid screening of natural sources for 

bioactive compounds. For instance, despite over 60% of modern therapeutics being derived from natural 

sources,
9
 most pharmaceutical workflows for bioactive compound discovery have shifted to high-

throughput screening methods where massive combinatorial libraries, whose structures are based on known 

chemical scaffolds, are screened against target proteins.  While achieving some success, these methods 

have exceptionally low hit rates only utilize about 60% of known chemical scaffolds observed from natural 
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sources.
10

 As specialized metabolites offer one of the wealthiest sources of new chemical scaffolds and 

with the number of antibiotic resistant microbial strains on the rise, it is clear that the development of tools 

that allow for efficient screening of biological systems for bioactive compounds is needed.  

  

Previous methods for looking at bacterial secondary metabolites 

The process of elucidating the identity and purpose of microbial specialized metabolites has almost 

always been carried out through genetic manipulation followed by phenotypic screening. Typically, once 

an interesting phenotype is observed, a transposon mutant library is constructed and the mutants are 

screened for loss of the initial phenotype. Those mutants that display loss of the phenotype are then 

sequenced and the gene cluster responsible for production of the compound can be isolated. To confirm this 

result, the gene cluster can be heterologously expressed in a host system (such as E. coli) to determine if the 

protein(s) produced are functional or defective.
11

 Not only is this method of screening very time intensive, 

but it only verifies production of the protein responsible for making the specialized metabolite, as opposed 

to monitoring the metabolite itself. 
12

This can lead to erroneous conclusions as post-production 

modification of the specialized metabolite or loss of transport to the extracellular space could lead to loss of 

an observed phenotype while integrity of the gene product is maintained.  

In silico methods for identifying bioactive compounds are also used by comparing common and 

unique genes between genomes. Here, genomic DNA from newly sequenced organisms can be searched 

against sequences for gene clusters with known products to assign putative identities to gene clusters of the 

newly sequenced organism. Publically available search tools and repositories, such as GenBank 

(https://www.ncbi.nlm.nih.gov/genbank/), have made this type of analysis globally available. Recently, 

tools have been made available that take advantage of the predictive nature domain binding specificity of 

non-ribosomal peptide synthases (NRPS’s) , polyketide synthases (PKS’s) and NRPS-PKS hybrid systems. 

Programs such as antibiotics & Secondary Metabolite Analysis SHell (antiSMASH) are able to predict the 

core scaffold of NRPS/PKS compounds based on the genomic sequence of the gene cluster.
13

 Even though 

specialized metabolites are typically highly modified post production, these structure predictions provide a 

good starting point for future research.  
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A new workflow for discovery of bioactive compounds from microbes  

 Until recently, mass spectrometry was only sparsely used for specialized metabolite research and 

in general was not used as the driving force behind experimental design. Primarily serving as a tool to 

confirm the mass of a chemically extracted compound, only the most basic functionalities of the instrument 

were utilized in specialized metabolite research. With the capability of modern mass spectrometers going 

well behind their traditional use in the field, I decided to develop a new analytical workflow that would 

take advantage of the latest hardware and software improvements of mass spectrometry for the discovery of 

bioactive compounds from microbes. The approach that I developed, as described in Chapters 2 and 3 of 

this dissertation, involves using imaging mass spectrometry to obtain molecular images of the distribution 

of specialized metabolites across the surface of a microbe (Chapter 2), targeted and untargeted multi-stage 

tandem mass spectrometry to obtain identity and structure information for observed mass signals directly 

from the surface of the microbe (Chapter 3), and mass spectral molecular networking for compound 

analysis and identification (Chapter 3). Using this 3-stage method, a variety of specialized metabolites were 

discovered from a range of biological systems (Chapter 4).  

 

1.3. Introduction to Mass Spectrometry 

What is Mass Spectrometry? 

A mass spectrometer is an analytical instrument capable of separating compounds in a complex 

mixture based on their mass-to-charge ratio with the resulting data, called a mass spectrum, displaying the 

relative abundance of each discrete mass signal. While mass spectrometry is utilized in almost every field 

of science for chemical characterization, it is becoming an almost indispensable tool in the area of life 

sciences due to its ability to very accurately analyze highly diverse chemical mixtures across a wide 

dynamic range of concentrations. In addition, modern mass spectrometers come in many instrument 

configurations, each with a unique set of analytical properties, making it ideal for the study of almost any 

biological system. 
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All mass spectrometers function by manipulating gas phase ions using electrical and magnetic fields 

that progress each ion through the length of the instrument. Mass separation is achieved due to the fact that 

identical field potentials will affect each compound differently depending on not only their mass, but also 

the number of formal charges they are carrying. Ultimately, compounds that are smaller in mass as well as 

compounds that carry more charges are affected by the electrical and magnetic fields to a greater extent 

than heavier compounds carrying fewer formal charges. The varying degree to which each compound is 

influenced gives rise to physical separation between each compound within the instrument, specifically 

within the mass analyzer, as they travel toward the mass detector. Ideally, each compound will reach the 

mass detector individually to give rise to a discrete chemical signal for every compound in the original 

mixture. The degree to which this is true depends on the resolving power of the mass analyzer present in 

the mass spectrometer instrument used. In general, instruments with higher resolving power, such as FT-  

 

 

Figure 1.2: Examples of high and low resolution mass spectra. Collected sequentially from the same 

sample mixture, the upper mass spectrum was collected using a linear trap quadrupole (LTQ) instrument at 

10,000 resolving power while the bottom spectra was collected using a Fourier-Transform Ion Cyclotron 

Resonance (FT-ICR) instrument at 500,000 resolving power.  

 

ICR’s, Orbitraps, and high-end QTOF’s, are able to provide very accurate mass measurements (in the high 

parts-per-billion range) and very small peak widths resulting in more observable mass signals (Figure 1.2), 

but often come at a higher fiscal cost as well as less speed and sensitivity. Lower resolution instruments, 
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such as ion traps, TOF’s and quadrupole based instruments, are relatively inexpensive and offer rapid and 

sensitive data acquisition at the expense of lower mass accuracy (high part-per million to unit mass) and 

wider peak widths resulting in fewer distinguishable peaks (Figure 1.2). 

The component of a mass spectrometer that has potentially the largest impact on experimental 

design and data quality is the ionization source, which is responsible for the creation of the gas-phase ions 

from a solid, liquid or gaseous sample. Unlike mass analyzers, new ionization sources are introduced on 

almost a monthly basis with each attempting to expand the reach of mass spectrometry to new types of 

molecules or sample types that perhaps were not previously analyzable by traditional ionization sources.
14 

For the purposes of this dissertation, only two ionization sources will be highlighted: electrospray 

ionization (ESI) and matrix assisted laser desorption ionization (MALDI). 

ESI is the most widely used ionization technique for introducing liquid samples into a mass 

spectrometer. Here a complex chemical mixture, typically a chemical extract from a biological sample, is 

dissolved in a mixture of water and an organic volatile solvent, such as methanol or acetonitrile, to aid in 

desolvation. A volatile acid or base, such as formic acid or ammonium hydroxide, is also added in small 

amounts to the solution to increase conductance of the solution for better desolvation and to provide a 

source of ions to aid in ionization. The solution is then injected into the source where it is subjected to high 

pressure nitrogen gas as well as a high voltage potential, which serve to nebulize the solution to form 

charged droplets (Figure 1.3). These charged droplets are further desolvated to form charged gas phase ions 

upon entering the heated inlet of the mass spectrometer, which is typically maintained at 200-250 °C. Being 

a “soft ionization” method, ESI is capable of introducing biological compounds into the mass spectrometer 

with little to no source induced fragmentation, meaning that the signals observed almost always belong to 

the intact molecule. ESI can also be very easily coupled to a high pressure liquid chromatography (HPLC) 

system, which has allowed it to be the basis for almost all proteomic, metabolomic and lipidomic studies. 

Since LC-ESI-MS is able to perform compound separation before injection into the mass spectrometry 

instrument, it provides semi-quantitative data output since it avoids ion suppression, one of the major 

pitfalls of mass spectrometry. 



9 
 

 

 

Figure 1.3: Schematic of an electrospray ionization (ESI) source. Electrospray ionization functions by 

nebulizing a chemical mixture, typically dissolved in a mixture of water, volatile organic solvent and acid, 

into a fine aerosol using nitrogen gas and electrical potential. This fine aerosol is then completely 

desolvated upon entering the mass spectrometry inlet, which is maintained at high temperature and 

electrical potential therefore producing gas phase ions that can be detected by the mass spectrometer. 

 

In contrast to ESI, the MALDI ionization source allows for gas phase ions to be generated from a 

solid chemical surface. Here, the sample is mounted on a conductive surface and saturated in a chemical 

matrix consisting of a small molecular weight organic acid that is capable of absorbing light at 266, 337 

and/or 355 nm. The sample is then placed in the sample chamber which is subsequently evacuated to high 

vacuum. A UV laser is shot at the sample surface where the matrix absorbs the energy from the laser and, 

through a currently unknown mechanism, transfers that energy to the analyte to form ions (Figure 1.4). 

These ions are then accelerated away from the sample surface using a voltage gradient where they travel 

down the mass analyzer to the mass detector. The attraction of MALDI is its capability to analyze a 

biological sample without needing to perform a chemical extraction. This allows for highly localized 

measurements to be taken at discrete locations throughout the sample surface without the risk of compound 

degradation due to solvent interaction.  

The diverse tool set that modern mass spectrometry instruments provide make them uniquely suited 

for studying specialized metabolites in microbes. The ability to simultaneously resolve thousands of 

discrete mass signals in a single experiment without the need for chemical tags or labels allow for an 
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unbiased approach to metabolomics. With little more than a microbial colony on a Petri dish, an 

experienced researcher can obtain information on what compounds are produced, where within the colony 

 

Figure 1.4: Schematic representation of MALDI ionization. In MALDI, analyte compounds must be co-

crystallized with MALDI matrix, a small molecular weight organic acid capable of absorbing UV radiation, 

and placed on a conducted surface. Once dehydrated, the sample is placed under high vacuum where 

energy from a UV laser is absorbed by the chemical matrix and transferred to the analyte compounds. In 

this matrix-analyte plume, gas phase ions are formed and are accelerated away from the conductive surface 

into the mass spectrometer. 

they are being produced, and in what relative amounts are they being produced in. And when coupled with 

genomic and phenotypic information, mass spectrometry can provide insight into the chemical landscape of 

microbes that is impossible to traditional microbiology techniques. 

Overview of Tandem Mass Spectrometry 

One capability of mass spectrometry that has become extremely valuable in life science research is 

tandem mass spectrometry. Here the mass spectrometer is able to isolate a single compound within a 

complex mixture and subject it to varying degrees of fragmentation via chemical and physical means 

(depending on the type of mass spectrometer). The resulting tandem mass spectrum displays the masses 

and relative abundances of the fragments that broke off from the parent molecule. Since the way a molecule 

fragments is dictated by its chemical structure, the fragmentation pattern for a given molecule is typically 

unique to that compound and can be used as a means of identification.  
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For some types of compounds, the fragmentation pattern can be predicted if the structure is 

known. For instance, peptides predominantly fragment at the amide bond between amino acids giving rise 

to fragment peaks whose mass difference is equivalent to the mass of the amino acid residue that was lost 

(Figure 1.5). The sequence of the peptide fragmented can therefore be “read” from the tandem mass spectra 

by finding sequential mass shifts between fragment peaks that correspond to amino acid residues. When 

fragmentation is done with collision induced dissociation (CID), these fragmentation series are known as 

“b” and “y” ions where the b-ion series is the side of the peptide that retains the N-terminus and the y-ion 

series of the side of the peptide that maintains the C-terminus (Figure 1.5).  

 

Figure 1.5: Basic overview of peptide tandem mass spectrometry. A) Subjecting a peptidic compound is 

subjected to collision induced dissociation (CID) fragmentation within a mass spectrometer will typically 

produce a series of fragments where each amide bond within the peptide is broken with the fragment half 

containing the N-terminus referred to as the b-ion while the fragment half containing the C-terminus is 

referred to as the y-ion. B) Since every amide bond within a peptide has a chance of being broken during 

CID fragmentation, the tandem mass spectra for a peptide will ideally have b and y ion fragment peaks 

resulting from the breaking of every amide bond in the peptide. If this is the case, then the consecutive 

mass shifts between fragment peaks can be used to determine the sequence of the parent peptide.   

 

The reproducible and sometimes predictive nature of tandem mass spectrometry has provided the 

basis for all tandem mass spectrometry data bases and search tools. For proteomics, where tandem mass 

spectra for ribosomally encoded peptides can be predicted from the genome sequence, programs such as 

Mascot, Sequest and Inspect are able to identify proteins and peptides within a sample mixture by matching 
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up observed tandem mass spectra with predicted tandem mass spectra based on the genome.
15-17

 For non-

proteomic compounds, repositories of tandem MS data have been established where users can upload their 

spectra and search for matches against known compounds; however, these repositories are still in their 

infancy and are primarily biased toward primary metabolites. Since microbial secondary metabolites are 

fairly unique to each species, sometimes even on the strain level, building a comprehensive repository for 

specialized metabolites may never be possible. 

Certain mass spectrometers, mainly ion traps, are capable of performing multiple stages of tandem 

mass spectrometry (called MSn) where a single fragment ion produced from a parent compound can be 

further isolated and fragmented a second time. This process can be repeated with each successive level of 

fragmentation until loss of signal makes further fragmentation unusable. The benefit of this technique is it 

grants structural insight into the parent compound. By fragmenting a fragment, the researcher can further 

localize portions of the substructure and begin to assemble a putative parent structure by seeing how all the 

fragments fit together.  

Overview of Imaging Mass Spectrometry (IMS) 

Imaging mass spectrometry (IMS) refers to a family of techniques that allow the simultaneous 

visualization of multiple molecular distributions across the surface of a sample without the need for 

chemical labels or antibodies. The overall methodology behind IMS is fairly simple (Figure 1.6). A mass 

spectrometer need only be equipped with a computer controlled sample stage capable of motion about the 

x-y coordinate plane working in conjunction with a probe capable of producing ions from the sample 

surface, a process referred to as ionization. Through the utilization of specialized software, the motion of 

the sample stage can be programmed to allow discrete or continuous rastering across the sample area 

whereby individual mass spectra can be collected and assigned to a defined area of the sample therefore 

creating a pixel. Software is then used to assemble these pixels into an image where the relative intensity of 

an ion is displayed as a scaled false color allowing for visualization of the molecular distribution across the 

surface of the sample for any given observed mass. The allure of IMS is its ability to collect molecular 

snapshots of a given biological sample and superimpose this molecular information with optical images of 

individual cells
18-24

, single colonies
25-30

, interacting microbial colonies
31-34

, communities of 
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microorganisms
35-41

, host-microbe interactions
42-45

 and even microbial niches within higher organisms
46-48

. 

Furthermore, IMS has become more readily  

 

Figure 1.6: General overview of an IMS workflow. Samples (i.e. tissue sections, bacterial cultures, 

single cells and plant components) are mounted on a target surface and, if required, immediately followed 

by matrix application. The mass spectrometer is then programmed to raster across the surface of the sample 

collecting spectra at specified sampling locations which are compiled into a single dataset where the 

occurrence of any single mass can be visualized as a scaled false color overlay depicting the relative 

intensity of the ion across all sampled locations. This data can be further processed to improve its quality 

followed by merging with other data including optical images, additional observed IMS ions or 

biochemical data such as MRI or fluorescence images. 

accessible to microbiologists in the past few years as a result of combining new sample preparation 

strategies with many different types of surface sampling probes interfaced with various types of mass 

spectrometers resulting in a wide array of techniques offering unique niches for specific chemical detection. 

The benefit of imaging mass spectrometry over traditional imaging methods, such as fluorescence 

microscopy, is that while it is possible to observe as many as 8 discrete signals from one sample in 

fluorescence microscopy, imaging mass spectrometry data of a biological sample may contain a few dozen 

up to a few thousand unique signals.  In addition, the resulting molecular distributions within the IMS 

images begin to hint at the function of the compounds which can be directly correlated to the observed 

phenotypes.  While such images of the surface chemistry cannot be obtained by any other method, IMS has 

only recently begun to be used in this fashion in microbiology and significant challenges still exist with the 
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interpretation of IMS data. It is therefore crucial to recognize that although IMS may enable the 

formulation of a hypothesis, the data still needs to be verified by other experimental means. 
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Chapter 2: Development of novel IMS methodologies for investigating microbial metabolic exchange 

2.1. Abstract 

To connect chemotypes to phenotypes in microbial research, recent years have seen increased use 

in mass spectrometry tools allowing for the 2-D visualization of the distribution of trace metals, 

metabolites, surface lipids, peptides and volatile gases directly from biological samples without the need 

for chemical tagging or antibodies.  These tools, in the form of imaging mass spectrometry approaches, are 

ushering in an exciting new era of discovery by allowing for the generation of chemical hypothesis via the 

visualization of atoms, metals, and intact molecules. In this chapter, I present the techniques developed 

during my research and their applications to microbiology which enable molecular characterization in a 

spatial fashion. Serving as the primary hypothesis generating tool in my research workflow, imaging mass 

spectrometry is typically the first experiment conducted when approaching a new biological system. 

 

2.2. Introduction to IMS on microbes 

Despite the substantial advances that have been made in recent years to better our understanding 

of many microbial processes, the fundamental chemistry underlying these processes is often poorly 

characterized. For example, the intercellular communication that mediates the formation of bacterial 

biofilms, the establishment of commensal microbial populations in a host, and differentiation of the 

cyanobacterial heterocyst are all driven by microbially derived phenomena that are still poorly understood 

at the chemical level. Investigations into such processes are generally hindered by a lack of available tools 

to connect the underlying chemistry with specific microbial phenotypes. However, imaging mass 

spectrometry (IMS) approaches now enable us to begin to connect observations at the phenotypic level with 

specific changes at the chemical level
1-6

. IMS readily provides atomic and/or molecular information in two 

dimensions (2D) and has the potential to characterize microorganisms at the molecular level in three 

dimensions (3D). Although IMS was first demonstrated in the 1960s
7
, advances during the past 3–5 years 

suggest that IMS will have a substantial impact on the future of microbiology.  

As mentioned previously, it is the choice of ionization source that will have the most dramatic 

effect on the data obtained from IMS analysis as the unique ionization mechanism that is inherent in each 

ionization source bestows a certain chemical bias such that certain classes of compounds will be 
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preferentially ionized and therefore observed. In addition, the spatial resolution, time taken for analysis, 

amenable sample types and sample preparation methods will all be dependent on the ionization source that 

is used. Although many different types of ionization sources have been developed
8-11

, those that have been 

used in microbiological applications of IMS thus far are dynamic secondary-ion mass spectrometry 

(SIMS), static SIMS, matrix-assisted laser desorption/ionization (MALDI), laser desorption/ionization 

(LDI), desorption electrospray ionization (DESI), nanospray DESI (nanoDESI) and laser ablation–

inductively coupled plasma (LA–ICP), with most of these sources being coupled with a range of mass 

analyzers (Table 2.1). It should be noted that not all mass spectrometers, and especially not all of those 

used for SIMS, have tandem MS (fragmentation) capabilities to aid in compound identification; however, 

most modern commercial instruments do have this functionality. 

Table 2.1: Characteristics of ionization sources used for imaging mass spectrometry 
DESI, desorption electrospray ionization; LA–ICP, laser-ablation–inductively coupled plasma; LDI, laser 

desorption/ionization; MALDI, matrix-assisted laser desorption/ionization; nanoDESI, nanospray DESI; 

SIMS, secondary-ion mass spectrometry.  

 

 
*
Values are not extremes but are approximations based on common reported literature values, input from 

experts in the field and personal experience.  
‡
Representative companies only rather than an exhaustive list.  

§
Price for ionization source only.  

http://www.nature.com/nrmicro/journal/v9/n9/glossary/nrmicro2634.html#df4
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A
: Static SIMS is typically stated as being able to detect compounds up to 10,000 Da; however, detection 

intact molecules above 1,500 Da from biological samples is rarely reported due to source induced 

fragmentation. 

Figure 2.1: Overview of surface scanning probes used for IMS analysis of microbial samples. Each 

ion source offers unique benefits and challenges that grant each technique a unique niche in microbial 

research. The descriptions above represent the abilities of each ion source under typical configurations. 

Also note that while mounting surfaces for each source are typically conductive or non-conductive, the 

samples themselves can usually be conductive or insulating. Abbreviations: AP (atmosphereic pressure), IP 

(intermediate pressure), UHV (ultra high vacuum), HV (high voltage), MS (mass spectrometer), DHB (2,5-

dihydroxybenzoic acid), CHCA (-cyano-4-hydroxycinnamic acid), UV (ultra-violet), VUV (vacuum 

ultra-violet), IR (infrared), TOF (time-of-flight). 
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2.3. Microbial imaging using MALDI IMS 

Introduction to MALDI IMS 

As mentioned in Chapter 1, in MALDI imaging a sample is covered by a matrix that can absorb 

the energy emitted by the laser and transmit it to the molecules present in the sample (see Figure 1.4). The 

laser generates a plume of matrix and analyte ions which are passed on to the mass detector. The sample 

preparation in the MALDI imaging workflow is by far the most important and challenging step in the 

process. A sample (e.g. a thinly sectioned sample or the organisms themselves if they are sufficiently thin) 

is prepared by mounting it onto a metal target plate or conductive glass slide. The conductive plates are 

required to enable the application of a voltage that accelerates the newly formed ions towards the detector 

after desorption. Once the sample is mounted a layer of a matrix is used to coat the surface of the sample. 

Usually the matrix consists of small, light absorbing, acidic molecules that act to softly, but efficiently, 

absorb and transfer the light energy from the laser into the sample, yielding the ionization of a wide variety 

of molecular species, including small molecules. While varieties of benzoic acid, sinapinic acid, and 

cinnamic acid are the most common components of MALDI matrix, there are many others, for example 

conductive colloids such as graphite or gold which can be deposited on the sample in a homogenous layer. 

The application of matrix to the sample surface can be performed by many different methods such as 

spraying as a solution and allowing it to dry, sublimation, applying with a fine sieve, or by spotting.
12-14

 

Choice of matrix and application method needs to be optimized for each sample that is analyzed as 

different matrices will ionize complementary sets of ions, especially when switching from positive to 

negative ion mode. Depending on the conditions and specific application, the matrix itself can act as a 

proton donor or acceptor, thus helping to ionize the sample. The variety of matrix molecules commonly in 

use is rapidly expanding and is a very active area of research.  With regards to natural products research, 

(although not applied to MALDI imaging yet), a recent report by Shroff using a proton sponge 

demonstrated that interference from matrix peaks can be effectively eliminated, resulting in a clean 

spectrum in the lower m/z region.
15

  

Once the sample is covered by a matrix (or conductive colloid), the prepared sample is ready to be 

placed on a user-controlled stage under high-vacuum (~E
-6

 torr) inside the mass spectrometer.  At this 

point, the area of the raster (spot or continuous) is defined and subjected to IMS. The choice of raster type 
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is usually dependent on instrument capability, the software interface that controls the instrument and the 

data processing interface. The rastering is achieved by moving the sample stage in an x-y direction with 

respect to the laser. When the laser hits the matrix covered sample, the material is ablated, erupting into a 

plume of matrix and analyte molecules. The molecules are then accelerated through the ion optics and into 

the mass analyzer and detector. The result is a complete m/z signal for that position on the MALDI plate.  

As the sampling continues, either as raster spots or continuous scanning, the MS data are stored along with 

the spatial information.  The data is then averaged as a whole (or time binned and then averaged), forming a 

map of m/z values that can be superimposed onto a light photomicrograph image of the original sample, 

taken either before or after matrix deposition.  

MALDI IMS of microbial colonies grown on thin-layer agar 

To date, most studies of natural products using IMS have employed MALDI-type approaches. 

Often referred to as natural product MALDI imaging (npMALDI), thin layer agar natural product MALDI-

TOF imaging is a specific method used for studying microorganisms grown in culture (Figure 2.2). Albeit 

simple in concept, it is a very useful tool to observe the production of natural products by microorganisms 

grown under various culture conditions as well as the interplay between competing species. In the thin layer 

npMALDI-I, the top of the MALDI plate is coated with culture agar, microorganisms are grown on top of 

the agar for a variable period, and then the sample is covered with a matrix and analyzed by MALDI. The 

most successful method for the application of matrix to this agar surface has been the sieve method. In this 

method, a fine sieve is used to sprinkle the sample with a uniform layer of matrix. The sieve method is very 

convenient, cost effective and easy to carry out. Thin layer agar npMALDI-I provides critical insights on 

the spatio-temporal productions and distribution of natural products, especially those secreted by 

microorganisms into the surrounding media. Using this approach both the natural product output and the 

accompanying morphological change of a host microorganism can be observed and correlated. In addition, 

this method offers a great tool for studying complex intra- and inter-species metabolic exchange 

phenomena and communication between colonies of microorganisms.  
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Figure 2.2: The 5 major steps to obtain a microbial chemotype image. Culturing. Three microbiological 

approaches to grow microbial samples for IMS are: 1. pouring agar and inoculating directly on the target, 2. 

embedding the target in agar prior to inoculation and incubation and 3. culturing the microbe in a Petri dish, 

excising the region of interest, then transferring to the target. Matrix application. The sample edges from 

culturing approach 1 are tapered towards the target plate compared to approaches 2 and 3. This will affect 

the matrix coverage at the edges of the sample; matrix application is depicted for samples prepared via 

approaches 2 and 3. Universal matrix is applied to the sample as a dry powder using a 20-53 m sieve. The 

hydration of the agar is sufficient for surface absorption of matrix. Sample dehydration. The sample is 

dehydrated at elevated temperature (37C) and the excess matrix is removed prior to microbial IMS. The 

sample height should be less than 1-1.5 mm. Also, the sample is examined for sufficient adherence to the 

target. Imaging mass spectrometry. User-defined spatial resolution and measurement area generate the x-y 

raster grid for the imaging run. A MALDI-TOF mass spectrum is collected per raster spot; spectra from the 

entire measurement area are averaged. Data analysis. False colors are assigned to ions in the overall 

average mass spectrum and displayed over a photograph of the sample. The interpretation of the ion 

distributions is the responsibility of the experimenter. 
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 Figure 2.3 illustrates how microbial IMS makes it possible to directly probe metabolic exchange 

within and amongst microbial species on various types of agar media. Here, microbial IMS captured the 

unseen chemotype of Bacillus subtilis 3610, a species that exhibits swarming motility on soft or lower 

percentage agar (Figure 2.3A) and the laboratory domesticated version PY79, on higher percentage ISP2 

agar, produces two cannibalistic factors that are present only on solid media
16

. Straight and colleagues 

determined that surfactants produced by B. subtilis inhibit aerial hyphae and spore development of 

Streptomyces coelicolor
17

. IMS of the interactions of these soil organisms revealed B. subtilis molecules 

responsible for the inhibition of S. coelicolor defense molecules that include prodiginines and calcium-

dependent antibiotic
18

 as well as other molecules not yet fully characterized (Figure 2.3C). Interactions 

between B. subtilis and Staphylococcus aureus uncovered B. subtilis metabolites with directionality 

towards S. aureus that affect S. aureus virulence factor production and colonization
19

. IMS of marine 

microbes has led to the identification and characterization of a secreted peptide from a marine 

Promicromonosporaceae on seawater based agar media
20

. We observed the development of previously 

unreported macrostructures in the growth of freshwater Synechococcus elongates PC7942 colonies, a 

model photosynthetic organism for the study of prokaryotic circadian biology
21

, under high light conditions 

and have imaged ion distributions that specifically segregate with the observed structures (Figure 2.3B). 

The main challenge of thin layer agar npMALDI-I, as with any other IMS approach, is still the 

sample preparation step. Although the sieve method has made imaging results reproducible, the background 

signals, not only from matrices but also from the enriched agar medium, are additional areas of concern.  

This technical challenge could be at least in part surmounted by establishing an ion reference for the agar 

medium which becomes especially critical when one is interested in searching for the unknown metabolites 

of microorganisms. Even though npMALDI-I is providing unprecedented insight into the spatial 

localization of natural products, the method itself, just as with any other mass spectrometry method, faces 

significant challenges in its application to natural product research. Perhaps the most significant issue 

impacting the use of MALDI in natural product research is that the matrix itself is composed of small 

molecules and associated clusters that are similar in size to many natural products of interest (typically 

below 1000 Da). In some cases, this can lead to considerable difficulty in determining whether a specific 

compound or set of compounds is originating from the sample or from the combination of matrix and other 
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sample preparation factors (e.g. agar).  To address this issue, matrix-free approaches were investigated and 

were met with some success (Figure 2.4). Specifically, a solution of 1mM glass-coated gold nanoparticles  

 

Figure 2.3: Molecular snapshots from microbial MALDI-TOF imaging mass spectrometry. A) 

Representative ions of swarming Bacillus subtilis on ISP2 (0.7% agar) media at 30C over time. 616, 1075, 

and 1545 m/z were assigned to an uncharacterized ion, surfactin-C15 [M+K]
+
, and plipastatin-C17-Val 

[M+K]
+
, respectively

18
. B) Cyanobacteria Synechococcus elongatus PCC 7942 macrostructures (previously 

unpublished) observed on BG-11M (1.5% agar) media
21

. A confluent culture was diluted 1:50,000 with 

BG-11M, then spotted and grown on agar media at 30 °C inside a moisture chamber under a constant light 

intensity of 350 μE/m
2
s for 16 days prior to IMS. The [M+H]

+
 of pheophytin a, chlorophyll a without Mg

2+
, 

[M+H]
+
 is at 871 m/z. 796 and 515 m/z putatively correspond to the observed macrostructures. C) 

Interaction between Bacillus subtilis PY79 and Streptomyces coelicolor on ISP2 (1.5% agar) media at 30C 

over time. The color gradient is from least intense ions (purple) to most intense (red). Prodiginines 

streptorubin B and undecylprodigiosin [M+H]
+
 are at 392 and 394 m/z, respectively. 656 is an 

uncharacterized bacillus ion, and 715 is a partially characterized polyglutamate compound
18

. The scale bars 

in the photographs represent 1 cm. 

was added (5-10% v/v) to the agar growth media prior to inoculation of bacterial starter cultures. Once the 

bacteria had grown to the desired time point, the colonies were excised from the Petri plate and transferred 
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to a heated MALDI stainless steel target plate and allowed to dry. As gold nanoparticles are conductive and 

are able to absorb UV radiation, they can act as a very low molecular weight matrix that produces minimal 

background signal in the low mass region (Figure 2.4A). When B. subtilis and S. coelicolor were used as a 

test system, good signal was observed for known compounds with many more additional signals observed 

in the low mass region (<400 Da) due to a large decrease in background matrix peaks (Figure 2.4B). While 

beneficial in some instances, this sample preparation procedure can be costly due to the cost of the 

nanoparticles and the presence of the gold in the growth media may affect the growth of other microbial 

species; however, it did not appear to affect the chemical or physical development of the test system.  

 

Figure 2.4: Use of gold nanoparticles for matrix-free microbial MALDI IMS. A) A comparison of 

MALDI mass spectra taken from a colony of B. subtilis 3610 that had been prepared using universal 

MALDI matrix (left) and glass coated gold nanoparticles (right). The spectrum from the glass coated gold 

nanoparticles showed a dramatic decrease in number of background peaks present in the low mass region 

while maintaining good signal for known secondary metabolites from B. subtilis.  B) Preliminary MALDI 

IMS data from a co-culture of Bacillus subtilis 3610 and Streptomyces coelicolor A3(2) prepared using 

10% glass coated gold nanoparticles in the growth media. Resulting images showed good sensitivity for 

known secondary metabolites such as surfactin, subtilosin, prodiginine and actinorhodin. 

 

  Finally, because the matrix has to be crystalline to work effectively, reproducibility in imaging 

with MALDI-TOF is challenging and results in only a modest number of images of sufficient quality for 
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publication; one reason why most IMS papers contain only a few images. As a result of this limitation, 

alternative methods for matrix deposition were attempted with success coming from using sublimation to 

apply matrix onto dehydrated microbial colonies (Figure 2.5). Here, colonies are grown on thin layer agar 

until a desired time point and then excised and placed on a MALDI stainless steel target plate and 

dehydrated. Then, the plate is place in a sublimation chamber where a precise amount of matrix is 

deposited onto the sample surface. The resulting images from a test system of B. subtilis vs. S. coelicolor 

showed good signal-to-noise for known compounds and exhibited excellent pixel-to-pixel reproducibility 

due to the homogenous crystallization of the matrix. An additional benefit to matrix application by 

sublimation is that the crystal size of the matrix should theoretically be less than 1m, which means that 

images of samples prepared by sublimation could be collected at below 20m spatial resolution. One 

disadvantage to this method was that compared to the sieve method of matrix application, there was a 

higher chance of the sample losing adherence to the target plate during analysis. 

 

 

Figure 2.5: MALDI IMS of microbial colonies using sublimation as a method for matrix deposition. 

Using interacting colonies of B. subtilis PY79 and S. coelicolor A3(2), DHB MALDI matrix was 

successfully applied with the resulting MALDI images showing excellent signal sensitivity and low pixel-

to-pixel variability.  

 

2.4. Microbial imaging using DESI IMS 

While MALDI IMS is capable of collected incredible molecular images from microbial samples, 

the use of matrix and high-vacuum meant that there was always a strong possibility that the chemical nature 

of the sample may be disrupted as a result. We therefore wanted to develop a mass spectrometric imaging 

method that would be able to image a microbial sample in the least invasive way possible. Our first attempt 

at this was through the use of desorption electrospray ionization or DESI. DESI imaging is a recently 
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developed soft ionization technique that is similar to electrospray ionization (ESI) in principle.  Briefly, a 

charged solvent spray, aimed directly at a specific area of the sample surface, is emitted from a small 

nozzle or capillary and upon impact ionizes and dislodges the analyte from the sample surface; 

subsequently, the ionized analyte is directed into the atmospheric inlet of the mass spectrometer (Figure 

2.6). Collision of larger droplets of spray solvent to a wetted sample surface tend to favor a momentum-

transfer mechanism whereby analyte-containing droplets are desorbed from the surface. Smaller droplets, 

which are nearly in a gaseous phase, are thought to ionize the analyte via chemical sputtering, possible in 

combination with momentum-transfer.
23

 Nevertheless, the ionization process occurs under ambient 

conditions and sample preparation is minimal, making this approach very attractive for the imaging of 

native surfaces. DESI imaging, as is the case for MALDI imaging, is accomplished by moving a sample 

stage in a predefined x-y direction under the DESI ionization source. To date, DESI imaging has been 

performed only using continuous rastering with the sample stage moving at a constant velocity and the 

resolution of the image determined by the step size between sampling rows. At each raster row mass 

spectra are continuously acquired and once the entire grid has been sampled, the spectra corresponding to 

the ions in question can be displayed in color and superimposed onto an image of the sample.  The greater 

the abundance of a particular ion species at a given position of the raster, the higher the intensity of color 

displayed, allowing the distribution and abundance of ions on a surface to be visualized.  

 

Figure 2.6: Schematic of DESI ionization mechanism. DESI functions by directing a pneumatically-

assisted stream of charged solvent droplets to a sample surface whereby secondary droplets are formed by 

subsequent impact of the wetted surface with charged droplets. These secondary droplets enter the mass 

spectrometer where they are detected. 
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This momentum-transfer based mechanism for desorption of the analyte from the sample surface 

relies on a hard, uniform and non-conductive sampling surface in order maintain consistent signal during 

rastering therefore limiting the types of surfaces that are available for DESI imaging. These requirements 

have thus far prevented the direct analysis of metabolites from bacterial culture on nutrient agar by DESI 

due to the absorbent, deformable and conductive nature of the agar sample surface
24

. We therefore reasoned 

that better ion signal, and therefore better images, could be obtained by imaging bacterial colonies from a 

hard, uniform surface. A similar problem was encountered by Debois et al in their attempts to image 

surfactin from Bacillus subtilis using secondary ion mass spectrometry (SIMS)
25

. Analogous to DESI, 

SIMS utilizes a similar ionization mechanism and requires a hard and flat surface in order to maintain 

consistent signal while imaging. Their solution to this problem was to make an imprint of the culture using 

a silicon wafer, which was then used for the subsequent imaging process. Similar to this solution, we 

screened a variety of surfaces and discovered that mixed cellulose ester filter membranes work effectively 

as a complimentary surface that can be used to make an imprint of bacterial culture from solid agar and that 

this filter imprint can be directly imaged by DESI-MS with no additional sample preparation (Figure 2.7). 

 

Figure 2.7: General workflow for microbial IMS using DESI. Once the microbial colonies are grown to 

a desired stopping point, an imprint of the colony is taken by placing a nitrocellulose membrane gently on 

the microbial colony for 30 seconds. The membrane is then gently pealed back and placed in a dessicator to 

dry. Once the membrane is dry, it is adhered to a non-conductive surface and imaged using the DESI 

ionization source.  
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To demonstrate the utility of this method, we investigated interaction between Bacillus subtilis 

3610 and Streptomyces coelicolor A3(2). Both of these bacterial systems produce a large number of known 

natural products whose rate of production can be attenuated based on the strain of B. subtilis used in the 

study
17,18

. The arsenal of secondary metabolites available to B. subtilis can actively silence production of 

defensive secondary metabolites as well as aerial hyphae formation in S. coelicolor
17,18

. Mutant strains of B. 

subtilis lacking the ability to synthesize certain natural products results in different phenotypes for S. 

coelicolor due to changes in metabolic output from both bacterial populations. Capturing these changes in 

metabolic output between genotypic variants by DESI imaging mass spectrometry provided a means of 

validation for the method.  

The experiment was carried out by inoculating 1L of Streptomyces coelicolor A3(2) on ISP-2 

nutrient agar. Following a 20 hour incubation period at 28°C, 0.2L of Bacillus subtilis 3610 or PY79 

laboratory domesticated strain
26

, which is impaired in the ability to produce molecules via polyketide or 

non-ribosomal peptide synthetase biosynthetic paradigms (e.g. bacillaene, surfactin and plipastatin), were 

inoculated approximately 2mm away from the S. coelicolor colony and incubated at 28°C for 48 hours. 

Imprinting was done by placing the imprinting surface (0.45m 47mm Millipore HA filter membrane; Part 

No. HAWP4700) on top of the bacterial culture and applying light uniform pressure for 30 seconds after 

which the imprinting surface was removed and dried in a vacuum dessicator overnight. Imaging was done 

using a Prosolia DESI source (Model OS-3201) coupled to a Thermo-Finnigan LTQ-FT-ICR MS. DESI 

parameters used for the images include an emitter height of 2.5mm, mass spectrometer inlet height of 

0.2mm, inlet to emitter distance of 4mm, 58° spray angle, 2.0kV spray voltage, -125V tube lens voltage, 

2L/min flow rate, 140psi ultra-pure nitrogen nebulizing gas pressure, and a spray solvent of Methanol : 

Water : Ammonium Hydroxide (50:50:0.1) (v:v:v). Images were collected from m/z 150-2000 with a step 

size of 250m, a scan rate of 100m/sec and a 2000ms ion trap time resulting in a pixel size of 200m x 

250m. These parameters are not optimal for one individual ion but rather were optimized to capture a 

wide scope of molecular species ranging from polyketides to fatty acids to peptides. Collected data was 

converted into image files using Firefly data conversion software (version 1.2.0.1) and viewed using 

BioMAP software (version 3.7.5.6). 
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By utilizing bacterial imprinting to monitor metabolic exchange between B. subtilis and S. 

coelicolor 57 unique signals spatially localized to the bacterial colonies were observed (Figure 2.8). Among 

these signals, the identities of actinorhodin, surfactin and plipastatin were confirmed by either interpretation 

of CID fragmentation (surfactin and plipastatin) or by comparing fragmentation patterns with purified 

compounds (actinorhodin) as seen in Figure 2.8C-E. The tandem mass spectrometry spectrum for surfactin 

is also nearly identical to a recent non-imaging DESI report on B. subtilis strain 168 (sfp
+
) by Cooks et al

24
.  

The full characterization of some of the more interesting ions such as m/z 1076 are ongoing (note that the 

observed difference in the distribution of the 1076 ion between the two strains is due to the transfer of the 

analyte to the filter membrane being shielded by the formation of the white aerial hyphae on the surface of 

the S. coelicolor colony when co-innoculated with B. subtilis PY79).  

 

Figure 2.8: Monitoring secondary metabolite production by DESI imaging mass spectrometry. A) 
IMS of Millipore HA filter imprints of Bacillus subtilis 3601 wild type (WT) and PY79 mutant strain 

cultured with Streptomyces coelicolor A3(2). Signals corresponding to surfactin (m/z 1035) and plipastatin 

(m/z 1504) can be seen localized to the B. subtilis 3610 wild type colony while signals corresponding to the 

purple pigmented antibiotic actinorhodin (m/z 629) and an unknown ion (m/z 1076) can be seen localized to 

the S. coelicolor colony. B) Distribution of unique ion signals between B. subtilis 3610 wild type and PY79 

mutant strains and between S. coelicolor colonies cultured with B. subtilis 3610 and PY79. For surfactin 

and plipastatin, only ions corresponding to the [M-H]
-
 ions were included with other charge states excluded 

from the count. C) Identification of the signal at m/z 629 as actinorhodin by comparing tandem MS 

fragmentation patterns for HPLC purified actinorhodin extracts (top) and data from the HA filter imprint of 

the bacterial colony (bottom). D-E) Tandem MS confirmation of surfactin (D) and plipastatin (E) from B. 

subtilis 3610 wild type directly from HA filter imprint of the bacterial colony. 
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As expected, wild type B. subtilis 3610 produced considerably more secondary metabolites than 

the PY79 domesticated lab strain including multiple forms of the lipopeptide antibiotics surfactin and 

plipastatin exhibiting variations in the length of their lipid tails. The interaction with the PY79 strain 

allowed for increased metabolite production, including actinorhodin production, as well as the formation of 

white aerial hyphae in S. coelicolor. The wild type and PY79 B. subtilis strains produced a total of 23 and 6 

unique mass spectrometric signals, respectively, with an additional 3 signals common between the two 

samples (Figure 2.8B). Streptomyces coelicolor, when cultured with either wild type or PY79 B. subtilis, 

produced a total of 3 and 13 unique signals, respectively, with 9 additional signals common to both samples 

(Figure 2.8B). This data clearly demonstrates the ability of wild type B. subtilis to inhibit the production of 

certain secondary metabolites in S. coelicolor and the ability of DESI imaging to characterize such 

phenotypes. 

Further analysis of the data provided additional confirmation of the fidelity of the method. Within 

the wild type B. subtilis 3610 strain we can clearly identify multiple forms of both surfactin and plipastatin 

being secreted from the culture while these signals are completely absent from the PY79 domesticated lab 

strain which lacks the ability to make both antibiotics. Additionally, the antibiotic actinorhodin
27

 can be 

seen localized to the area of purple pigment in S. coelicolor cultured with B. subtilis PY79 while this signal 

is not observed when S. coelicolor is cultured with B. subtilis wild type. During time course experiments, 

expected patterns are again observed with surfactin being produced by B. subtilis 3610 immediately 

followed by plipastatin after a short delay of 24 hours (Figure 2.9). Signal for actinorhodin is also observed 

in the mass spectral image upon observation of purple pigment in the S. coelicolor colony interacting with 

B. subtilis PY79. This data illustrates the ability of B. subtilis to silence antibiotic production in S. 

coelicolor allowing B. subtilis to gain a fitness advantage over competing bacteria. 

Upon comparison with similar data collected from MALDI imaging, the complementarity of the 

two methods becomes evident. With the ionization efficiency of DESI being greater in negative ion mode 

(at least during our studies), DESI is able to capture compounds not easily seen in positive ion mode, such 

as actinorhodin, while MALDI imaging is able to capture compounds that do not readily form negative 

ions,  
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Figure 2.9: Monitoring microbial metabolic exchange over time with DESI IMS. Filter imprints of 

growing colonies of Bacillus subtilis 3601 wild type (WT) and PY79 mutant strain cultured with 

Streptomyces coelicolor A3(2) were taken at 12, 24 and 48 hours after inoculation. Signals corresponding 

to surfactin (m/z 1035) can be seen immediately in B. subtilis 3610 while signal for plipastatin (m/z 1504) 

does not appear until the 24 hour imprint. Signals corresponding to the purple pigmented antibiotic 

actinorhodin (m/z 629) can be seen localized to the pigmented portions of the S. coelicolor colony at 48 

hours. 

such as prodiginines. A notable difference between the two methods can be seen in the distribution of ion 

intensity of surfactin within the bacterial colony. When imaged by MALDI, the concentration of surfactin 

appears to be greatest outside the colony
18

 while the DESI image shows ion intensity greatest within the 

bacterial colony. We attribute this difference in intensity to the imprinting method. While imprinting, only 

exposed, secreted natural products are absorbed onto the membrane therefore natural products embedded in 

the growth media are not readily observed whereas the MALDI laser is able to penetrate the surrounding 

media and ionize the secreted metabolites. It should be noted that signal during DESI imaging is drastically 

decreased when imaging over areas of the filter membrane where the bacterial colony has adhered to the 

filter, which is the cause of the circular absence in signal in the wild type B. subtilis colony in Figure 2.8A. 

The dried cellular material tends to absorb the spray solvent preventing the solvent from desorbing from the 

membrane and entering the mass spectrometer for analysis. 
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Due to all areas of biology employing multiplexed metabolic exchange, it is important to develop 

methods that can capture the interdependence of these molecules to further elucidate their role in the 

communication dynamic. A better understanding of metabolic exchange may lead to the discovery of new 

therapeutics and therapeutic paradigms. Herein we have shown that the use of DESI imaging of imprints of 

bacterial colonies is another tool that can be effectively used to monitor multiplexed metabolic exchange 

between microbial species.  

 

2.5. Microbial imaging using NanoDESI IMS 

Our original goal with DESI IMS was to be able to collect mass spectrometry images directly from 

a microbial colony without any sample preparation. However, the harsh conditions at which DESI operates, 

namely the use of high pressure nitrogen gas, made us resort to taking imprints of the microbial colonies as 

a means of indirectly obtaining molecular information. To improve on DESI IMS, we turned to the newly 

developed nanospray desorption electrospray ionization (nanoDESI) source which allowed us to collect 

mass spectrometric images directly from the Petri dish with absolutely no sample preparation required. 

NanoDESI mass spectrometry
28

 is a recent modification of DESI that is capable of sampling a microbial 

colony directly from the Petri dish with absolutely no sample preparation required (Figure 2.10A).
29,30

 By 

performing a nanoliter scale liquid extraction of the biological surface immediately followed by direct 

infusion into the mass spectrometer, nanoDESI ionization allows for rapid detection of local chemical 

signals at high sensitivity due to the small volume of the droplet maintaining high local concentration of the 

extracted metabolites. In addition, as mass spectrometry is capable of simultaneously detecting a wide 

range of discrete chemical signals without the need for chemical tags or labels, this allowed us to probe the 

native chemical environment of each microbial colony and identify novel metabolites that were previously 

undetected by other analytical means. 

While the methods currently available for doing imaging mass spectrometry on microbial colonies 

provide valuable insight into the chemical environment of microbes, these methods perturb the sample to 

some extent during sample preparation.
31,32

 For analysis by matrix assisted laser desorption ionization 

(MALDI) imaging mass spectrometry, the microbial sample must be excised from the Petri dish, placed on 
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a MALDI target plate and covered with a large amount of matrix (a low molecular weight organic acid), 

which kills the microbial cells and can cause occlusion of metabolite signals due to the large amount of 

mass signals associated with the matrix in the lower mass range and cause matrix adducts to observed 

metabolite signals.
33

 Analysis of microbial samples grown on agar medium by desorption electrospray 

ionization (DESI) mass spectrometry typically cannot be done directly due to the high pressure nebulizing 

gas ablating the colony during analysis and therefore requires indirect measurement, such as transferring 

secreted metabolites to a hydrophilic membrane for subsequent analysis.
24,34

 Lastly, analysis by secondary 

ion mass spectrometry (SIMS) usually requires the sample to be excised, transferred to a conductive target  

 

Figure 2.10: General overview of nanoDESI imaging mass spectrometry. A) An optical image of a 

nanoDESI ionization source whereby the solvent of choice is delivered via the primary capillary to the 

liquid junction forming a droplet between the primary and a second capillary. This droplet, when placed on 

a chemical surface, will desorb analyte from the surface which is then carried into the mass spectrometry 

via the self-aspirating secondary capillary. B) Cartoon showing necessity of z-axis movement when 

scanning across a microbial colony. If the z-position is kept constant during scanning, the droplet will 

likely either lose contact with the surface or the capillary will clog due to collision with the bacterial 

colony. C) NanoDESI IMS data from S. coelicolor A3(2). The upper row shows an optical image of the 

bacterial colony that was imaged and the corresponding nanoDESI IMS images for phosphocholine, the red 

pigment prodiginine and a polysaccharide from the agar media. The middle row shows the location of the 

three line scans that were used to plot the ion current for the three selected masses. Lastly, the lower row 

shows an overlay of the MS spectrum at the three sampling locations shown. White scale bar indicates 5 

mm. 

 

plate, dried down prior to analysis and be extremely flat.
25

 In addition, compounds above 1000 Da are 

difficult to ionize by SIMS without fragmentation induced by the sputtering process.
35

 As nanoDESI is 

capable of overcoming many of these limitations, we adapted our previously reported nanoDESI workflow 

for in vivo IMS analysis of living microbial colonies directly from the Petri dish.  

 Using Streptomyces coelicolor A3(2) as a test system, due to its prolific secretion of well 

characterized secondary metabolites
29,36

, a single colony was grown on ISP2 nutrient agar at 28°C for 48 
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hours. Note that an additional benefit of nanoDESI IMS over MALDI and SIMS IMS is that the analysis  is 

not limited by agar thickness and therefore can be performed on any agar depth desired in order to achieve 

desired chemo- and phenotypic growth of the microbial sample. The sample was removed from the 

incubator and placed directly under the nanoDESI source for analysis. As the nanoDESI source was 

constructed by modifying an existing Prosolia DESI source (www.Prosolia.com), the instrument was 

already equipped with a computer controlled x-y directional stage that could be programmed using the 

Omnispray 2D software (version 2.0.1) included with the instrument. For analysis of polar compounds, a 

solvent consisting of 65% acetonitrile and 35% water with 0.05% formic acid was used while a solvent 

consisting of 50% methanol, 35% acetonitrile and 15% toluene was used for analysis of non-polar 

compounds. Solvent was delivered at a rate of 800 nL/min with an applied voltage of 2 kV. The Thermo 

LTQ-Orbitrap mass spectrometer was operating with a tube lens voltage of 125 V, capillary voltage of 40 

V and a capillary temperature of 200 °C. NanoDESI imaging was performed using continuous line scans 

with a 1 mm step size between line scans. Typical experiments were conducted using a fixed accumulation 

time in the ion trap of 200 ms and acquiring 5 microscans for each spectrum while moving the sample at a 

speed of 200 m/sec. The resulting images were acquired with a spatial resolution of 1 mm x 1 mm. To 

preserve the spatial integrity of the chemical signals, each line scan was performed starting at the agar end 

of the sample and moving toward the microbial colony with a 30 second delay between each line scan to 

prevent carry over between lines. Once collected, the raw imaging data was loaded into MATLAB software 

(The Mathworks Inc., Natick, MA, USA) and was processed by using total ion current (TIC) normalization, 

removal of abnormally intense pixels (a.k.a. hot spots) and image denoising.  

Imaging mass spectrometry using nanoDESI is complicated by the necessity of z-axis control of the 

probe as the vertical tolerance between the tips of the fused silica capillaries at the liquid junction and the 

sample surface (typically between 5-500 m depending on the size of the droplet) is usually less than the 

overall height of the bacterial colony. This means that the height of the probe must be adjusted to follow 

the contour of the sample in order to prevent clogging, due to collision with the sample, or loss of signal, 

due to the droplet loosing contact with the sample surface. Therefore, with a relatively flat sample, such as 

a tissue section, the spatial resolution of nanoDESI IMS can be as low as 10 m using pulled capillaries
37

 

while the complex surface morphology of intact microbes required a larger droplet to be used resulting in 
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poorer spatial resolution but allowing for more tolerance along the z-axis. Even with a larger droplet, the 

vertical position of the droplet had to be manually adjusted during each line scan to follow the contour of 

the bacterial colony (Figure 2.10B). For microbial colonies that exhibited high variations in their contour, 

such as S. coelicolor which displayed a cobblestone-like morphology, the sample was slightly dried by 

leaving it exposed to ambient air in a laminar flow hood for 10-15 minutes prior to analysis in order to 

dehydrate and therefore flatten the sample.   

 

 

Figure 2.11: Additional signals observed from nanoDESI IMS of S. coelicolor. The left column shows 

the resulting molecular images for streptorubin, undecylprodiginine, actinorhodin and CDA with their 

corresponding parent mass spectra on the right. 

 

IMS results for S. coelicolor A3(2) showed expected results (Figure 2.10C and 2.11) with the red 

pigment prodiginine localized to the colony while calcium dependent antibiotic (CDA) and the purple 

pigment actinorhodin showing signal both in the colony and the surrounding agar.
18,29,34

 Signal for agar 

polysaccharides also exhibited expected results with high signal intensity in the surrounding agar and no 

signal from the colony.
29

 Surprisingly, a range of lipids including phosphocholine (Figure 2.10C) showed 

high abundance around the periphery of the colony and seemed to be localized to non-pigmented areas of 

the colony. The observation of actinorhodin was unexpected as this molecule would likely be observed 
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only in negative ion mode mass spectrometry due to its acidic nature; however, nanoDESI analysis directly 

from the Petri dish showed high prevalence of sodium and potassium adducts observed allowing detection 

of molecules in positive ion mode which would normally be observed in negative ion mode.  

As accurate analysis of IMS data depends upon consistent measurements to be taken at each 

sampling location about the sample surface, the ion current for selected mass signals was plotted for three 

separate line scans within the sample (Figure 2.10C). The resulting plots showed that the ion current for the 

selected mass signals was consistent between the three line scans and was consistent with the plotted IMS 

images. Plotting of the parent mass spectrum at three sampling locations (extracted from the line scan data) 

again showed that the changes in ion current for each mass signal were due to changes in the intensity of 

the discrete mass and not due to an overall change in spectrum intensities (Figure 2.10C). Together this 

shows that nanoDESI IMS is capable of generating reproducible and accurate data from a biological 

sample. 

 

2.6. Development of 3D MALDI IMS 

While 2D MALDI-TOF IMS of microbes is capable of revealing tens to thousands of discreet 

chemical signals in a spatial manner from the sample surface, the limited overhead perspective of the 

analysis obscures information regarding the depth profile of secreted metabolites throughout the agar 

medium. Such information could lead to better characterization of a microbial system since the ability of 

secreted compounds to penetrate and diffuse through the agar medium will determine the capacity in which 

these compounds are capable of influencing neighboring bacteria. Within the field of biology, three-

dimensional IMS has been used to determine molecular distributions within mammalian tissue and has 

been correlated with other 3D imaging data such as magnetic resonance imaging (MRI) to provide a more 

complete picture of the chemical environment within the organ
38-40

. Herein, we describe an adaptation of 

3D MALDI-TOF IMS for capturing the multiplexed molecular nature of developing microbial colonies and 

the chemical interplay of microbial interactions. Using a Bacillus subtilis – Streptomyces coelicolor 

interaction as a proof-of-principle experiment, we describe a workflow adapted for routine 3D imaging of 

secreted metabolites from microbial colonies grown on agar media.  Lastly, using the interaction between 
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Aspergillus nidulans and Streptomyces sp. Mg1, we will show how 3D MALDI imaging can be used to 

study specialized metabolites in fungal systems.  

Materials and Methods 

Starter cultures of Bacillus subtilis PY79 were prepared by inoculating 3 mL of LB liquid media 

(Fisher Scientific) from a 20% glycerol cell stock and incubating at 28°C until an OD600 of 0.5 was 

obtained (12-20 hours of incubation). Streptomyces coelicolor A3(2), Streptomyces sp. MG1 and 

Aspergillus nidulans were inoculated directly from 20% glycerol frozen spore stocks. All samples to be 

analyzed using 3D MALDI-TOF IMS were grown on 8mm thick nutrient limited ISP-2 agar prepared by 

combining 15 g agar (Sigma-Aldrich), 1 g yeast extract (Sigma-Aldrich), 1g dextrose (Fisher Scientific) 

and 1.5 g malt extract (Sigma-Aldrich) in 1 L of Milli-Q grade water followed by sterilization via 

autoclave. While growing the microbes on deep agar allowed for better molecular images of secreted 

metabolites within the agar, the media needed to be optimized in order to maintain the phenotype observed 

under normal growth conditions. Since the amount of agar media used when culturing 3D samples is five 

times greater than what is typically used for 2D samples
18

, we found that using 1/5
th

 the amount of nutrients 

in the media allowed for a phenotype and colony size consistent with what we have previously reported
18,29

.  

For B. subtilis PY79 versus Streptomyces coelicolor A3(2) interactions, three 1 L aliquots of S. 

coelicolor A3(2) spore stock were inoculated with 5mm spacing between each spot in a linear fashion. This 

inoculum was allowed to grow at 30°C for 48 hours after which a 0.5 L aliquot of B. subtilis PY79 starter 

culture was placed 2mm from the terminal spot of S. coelicolor A3(2) and allowed to grow at 30°C for an 

additional 24 hours before MALDI IMS analysis. Individual control colonies were prepared by inoculating 

1 L of the S. coelicolor A3(2) spore stock or 0.5 L of the B. subtilis PY79 starter culture on ISP-2 deep 

agar media and allowing to grow at 30°C for 72 and 24 hours, respectively. 

For A. nidulans versus Streptomyces sp. Mg1 interactions, a 5 L aliquot of Streptomyces sp. Mg1 

spore stock was inoculated in a linear fashion to form a 15 mm linear colony. This inoculum was allowed 

to grow at 30°C for 24 hours after which a 1 L aliquot of A. nidulans spore stock was placed 2mm from 

the terminal end of Streptomyces sp. Mg1 and allowed to grow at 30°C for an additional 48 hours before 

MALDI IMS analysis. 
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Once the desired time point was reached, a 15 mm x 35 mm x 8 mm section of agar was excised 

from the Petri plate and placed colony-side down on a homemade slicing instrument (Figure 2.12). The 

excised agar was cut width-wise at room temperature using microtome blades into 1.0 mm sections with 

each section placed on its side on a stainless steel MALDI target plate. The MALDI targets used allowed 

for a maximum of 6 sections per plate. To ensure that cellular material from the colony was not distributed 

throughout the surface of each slice during sectioning, each sample was inverted before it was sectioned so 

that the samples were cut from the bottom of the agar down through to the surface of the agar. Also, after 

each slice, the cutting blade was washed sequentially in methanol, ethanol and water with the blade being 

wiped clean after each solvent with a fresh KimWipe to ensure no carry over. Once the desired sample area 

was sectioned (typically resulting in a 15 mm x 15 mm piece of the excised sample being left over, which 

was done purposefully to help stabilize the sample during sectioning), Universal MALDI matrix (Sigma-

Aldrich) was immediately deposited using a 53 m test sieve (Hogentogler & Co).  Samples were dried for 

3 hours at 37°C. The drying process reduces sample thickness of each slice from 1.0 mm to about 100 

μm
33

. After drying, excess matrix was removed using compressed air and immediately imaged in quick 

succession using the same instrument parameters as previously stated for the 2D MALDI IMS experiments. 

The mass spectrometry data was gathered for each serial cross section resulting in a total imaging area of 

about 2000-3000 mm
2
.  

For generation of 3D models from the MALDI IMS data, MALDI IMS spectra were converted 

into mzXML format using CompassXport software (Bruker Daltonics, Bremen, Germany) and loaded into 

MATLAB software (The Mathworks Inc., Natick, MA, USA). After normalizing to the total ion count 

followed by baseline correction, a 3D volume dataset for a given m/z-value was created by co-registering 

all slices that involved aligning the slice edges as each slice was approximately the same size and shape. 

For each spectrum, its slice location was used as its z-coordinate, producing for each m/z-value a volume 

dataset, which was further processed by reducing intensities of hot spots corresponding to abnormally 

intense spectra typically observed during MALDI IMS, volume denoising, and contrast enhancement 

applied for better visualization. The resulting 3D volume dataset corresponding to an m/z-value was 
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Figure 2.12: General workflow for 3-D MALDI-TOF IMS of microbial colonies on agar. In this 

example, a 15 mm x 35 mm area of interacting colonies of S. coelicolor A3(2) with methicillin-sensitive 

Staphylococcus aureus MSSA were excised and 1 mm cross sections from the sample were cut and placed 

on its side on the MALDI target. Matrix is then applied to the MALDI target using a 53 m sieve followed 

by drying at 37°C for 1-3 hours. Each MALDI target plate is then subjected to 2D MALDI-TOF IMS after 

which the data for each slice is loaded into MATLAB software where individual slices are virtually 

aligned, and finally visualized as a 3D model. In this paper, we represent a 3D mass spectrometry model 

(a.k.a. volume data) with three isosurfaces (i.e. layers) corresponding to different levels of normalized 

intensity (e.g. 90, 75, and 50% normalized intensity). This model can then be overlaid with the optical 

image of the sample to correlate chemistry with observed phenotypes. The system used for this example, S. 

coelicolor A3(2) and Staphylococcus aureus MSSA, was chosen due to its intense color allowing for better 

optical images to be taken. 

visualized using 50%, 75%, and 90% semi-transparent isosurfaces indicating 50%, 75% and 90% relative 

abundance of the molecular compound within the imaging area respectively, with the 50% isosurface 

having highest transparency and the 90% isosurface appearing solid. Each isosurface was smoothed for 

better visualization. This simplified way of visualization was found to be well-suited for microbial data 

where many mass signals are typically present as gradients of concentration due to their secreted nature.  

Results for B. subtilis PY79 versus S. coelicolor A3(2) 
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To demonstrate that 3D MALDI-TOF IMS of microbial interactions can be used to obtain new 

chemical information, we set out to study the interaction between soil bacteria Bacillus subtilis PY79 and 

Streptomyces coelicolor A3(2). Previously, we described the metabolic exchange between B. subtilis PY79, 

a lab domesticated strain of B. subtilis, and S. coelicolor A3(2) by MALDI-TOF IMS, imprint desorption 

electrospray ionization (DESI) IMS, and nanoDESI direct profiling
18,24,34

. Together, these complimentary 

techniques were able to characterize portions of the chemical output of both bacteria, which was essential 

in generating hypotheses as to their role in the dynamics of the interaction. While chemical information 

from the sample surface is incredibly useful, microorganisms are capable of producing unique chemical 

environments beneath the colony that are different from the conditions on the surface. In addition, growth 

and analysis of colonies grown on 8 mm deep agar allows one to observe differences in the ability of 

specific compounds to diffuse through the agar medium and therefore influence neighboring populations.  

 The resulting 3D models of the MALDI-TOF IMS data (Figure 2.13) were consistent with 

chemotypes previously observed from 2D MALDI-TOF IMS and imprint DESI IMS as well as with 

previously observed phenotypes with B. subtilis PY79 accelerating metabolic output and areal hyphae 

production in neighboring colonies of S. coelicolor
18,34

. Within S. coelicolor, increased production of 

actinorhodin, a purple pigmented polyketide, and SapB, a lantibiotic peptide necessary for aerial hyphae 

formation, could be seen in the S. coelicolor colony closest to the B. subtilis colony
18,27,34,41

. In addition, 

increased production of the cyclic lipopeptide calcium-dependent antibiotic (CDA) in S. coelicolor was 

also seen at the interface between the two colonies
42

. As the PY79 mutant of B. subtilis has had most of its 

polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS) machinery rendered inoperable
26

, 

the only major product observed in both the control colony and the interaction was subtilosin, a 

macrocyclic bacteriocin
43

. 
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Figure 2.13: 3D models of metabolic exchange in the interaction of S. coelicolor with B. subtilis 
(negative ion mode). a) The 3D models of S. coelicolor A3(2) alone (left column), S. coelicolor A3(2) 

interacting with B. subtilis PY79 (middle column) and B. subtilis PY79 alone (right column). Ion intensities 

in the control colonies were normalized to the signal from the interacting colonies. b) Overlay of the 3D 

MALDI models of γ-actinorhodin from S. coelicolor (red) with subtilosin from B. subtilis (green) with the 

optical image of the interacting colonies. c) Overlay of the 3D MALDI models of CDA from S. coelicolor 

(yellow) with subtilosin from B. subtilis (green) with the optical image of the interacting colonies. 

Although these results have been previously observed, modeling of the mass signals in 3D allowed 

for additional information to be obtained. While previous 2D IMS studies showed the distributions of the 

red pigment prodiginine as well as actinorhodin to be localized to the S. coelicolor colony, their 

localizations by 3D modeling show that while actinorhodin is heavily secreted into the agar (Figure 2.13A-

B), prodiginine was not (Figure 2.14), which is consistent with previous studies stating that actinorhodin is 

secreted into the environment while prodiginine remains associated with the membrane
44

. Similarly, while 

2D MALDI-TOF IMS showed the distributions of the secreted peptides CDA and SapB to be similar, 3D 

MALDI-TOF analysis revealed their diffusion patterns within the agar medium to be strikingly different 

owing to their specific chemical properties. Additionally, 3D MALDI-TOF analysis showed signals for -

actinorhodin, CDA and SapB can all be seen present beneath the interacting edge of the B. subtilis colony 
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(especially CDA and SapB), which would be impossible to observe using 2D MALDI-TOF IMS as the 

MALDI laser is not capable of penetrating the bacterial colony to reach the agar beneath. These results 

illustrate how 3D modeling of MALDI-TOF IMS data collected from bacteria grown on 8 mm deep agar is 

not only able to reproduce previous observations from 2D IMS experiments, but also grants additional 

information on the chemical environment beneath the microbial colonies. 

 

Figure 2.14: Comparison of MALDI IMS signals for prodiginine and actinorhodin. MALDI IMS of 

the cross sectional slice from S. coelicolor A3(2) showed signal for prodiginine (m/z 394) localized to the 

colony while signal for -actinorhodin (m/z 632) was seen throughout the agar beneath the colony. Scale 

bar shows percent relative signal intensity throughout the images area. 

Results for A. nidulans versus Streptomyces sp. Mg1 

Another limitation of traditional 2-D MALDI IMS is that the extensive production of aerial spores by 

fungi inhibits the adhesion and crystallization of MALDI matrix on the colony surface resulting in a dearth 

of signal on the colony itself. Therefore the only information that can be obtained from fungal colonies is 

that of metabolites prolifically secreted beyond the boundaries of the colony (Figure 2.15).  



46 
 

 

 

Figure 2.15: Example of 2D MALDI IMS of a fungal colony. An example of how the aerial hyphae 

present in most fungal samples interferes with MALDI matrix adherence and crystallization resulting in a 

loss of MALDI signal where ever aerial hyphae is present. The fungus used in this example was 

Aspergillus nidulans. 

 

To assess the ability of 3D MALDI-TOF IMS for studying these systems, we looked at the 

interaction between the fungus Aspergillus nidulans and Streptomyces MG1, a producer of antifungal 

secreted metabolites. The resulting models showed unique aspects with the secreted fungal metabolites 

when compared with bacterial metabolites with the fungal metabolites displaying discrete borders of 

secretion patterns compared to the more gradual and diffuse patterns typically seen with bacterial 

metabolites (Figure 2.16). Among these signals were a heavily secreted molecule at m/z 801 that could be 

seen localized beneath the fungal colony and interestingly also appeared to travel along the underside of the 

Streptomyces MG1 colony. A possible siderophore, coprogen, at m/z 823 could also be seen localized to the 

outer edge of the fungal colony and possibly induced at the interface of MG1. In addition, several signals 

appeared to be induced in MG1 at the colony interface due to their localizing underneath the MG1 colony 

towards the A. nidulans colony.  
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Figure 2.16: 3D MALDI TOF IMS of fungi. A) Optical images of A. nidulans versus Streptomyces sp. 

Mg1 showing both an overhead and cross sectional views of the sample. B) Resulting 3D MALDI TOF 

images showing distributions of secreted metabolites beneath the fungal and bacterial colonies. 

Identification of the mass signals observed in this data set is still ongoing. 
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Cheng-Shih; Moree, Wilna; Duggan, Brendan; Alexandrov, Theodore; Dorrestein, Pieter, of which the 

dissertation author was the primary author of the paper. 
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Chapter 3: Development of nanoDESI mass spectrometry for metabolic profiling of living microbes  

and the invention of mass spectral molecular networking 

3.1. Abstract 

Integrating the governing chemistry with the genomics and phenotypes of microbial colonies has 

been a “holy grail” in microbiology. This work describes a highly sensitive, broadly applicable and cost-

effective approach that allows metabolic profiling of live microbial colonies directly from a Petri dish 

without any sample preparation. Nanospray desorption electrospray ionization mass spectrometry, 

combined with alignment of mass spectrometry data and molecular networking, enabled monitoring of 

metabolite production from live microbial colonies from diverse bacterial genera, including Bacillus 

subtilis, Streptomyces coelicolor, Mycobacterium smegmatis and Pseudomonas aeruginosa. This work 

demonstrates that by using these tools to visualize small molecular changes within bacterial interactions 

new insights can be gained into bacterial developmental processes as a result of the improved organization 

of MS/MS data. In conclusion, the platform presented here provides a significant advancement in our 

ability to understand the spatio-temporal dynamics of metabolite production in live microbial colonies and 

communities. 

 

3.2. Introduction 

Microbes use secreted factors to interact, communicate and manipulate their local environment 

and neighboring cell populations in a process known as metabolic exchange.
1-5

 By employing a wide 

breadth of molecules ranging from signaling compounds to defensive metabolites, metabolic exchange 

dictates not only basic microbial behavior, such as biofilm formation, sporulation and motility, but also 

social interactions, such as syntrophy and quorum sensing, which enables microbes to establish 

communities.
1-5

 Despite these secreted factors, also known as the parvome, having a major impact on the 

phenotypic development of microbial populations, there is a lack of tools that enable scientists to probe the 

chemistry of microbial colonies in a direct manner. Currently the chemistry of microbes is usually studied 

by monitoring individual molecular species and requires a significant time and monetary investment. Our 

laboratories are interested in the development of tools that make this process more efficient as well as 

making it easier for non-chemists to study the chemistry of microbes and non-microbe cell populations. 
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Ideally these tools should be easy to implement, compatible with existing infrastructure, and easily 

incorporated into future protocols. Most of all, they should provide information that current techniques 

cannot provide and/or improve the ease by which this information is obtained and analyzed. It is also 

important that chemical changes can be monitored temporally and spatially as both the timing of production 

and the distribution of metabolic exchange factors within microbial populations can provide valuable 

insight into the function of these molecules.  

Here we present an integration of two methodologies: nanoDESI mass spectrometry for direct 

chemical monitoring of living microbial populations in conjunction with the generation of molecular 

networks. The latter method enables one to visualize observed molecules as familial groupings where 

commonalities within the mass spectrometry fragmentation data are assessed via vector correlations and 

displayed as an MS/MS network. Together, these methods provide a powerful new workflow for direct 

chemical analysis of secreted microbial exchange factors in live colonies. To demonstrate this ability we 

used nanoDESI to temporally and spatially characterize single and interacting live microbial colonies and 

then used molecular networking to probe their molecular landscapes providing powerful and unique insight 

into the extracellular chemistry of pathogenic microbes such as Serratia marcescens, Pseudomonas 

aeruginosa PA01, and Mycobacterium smegmatis MC2. 

 

3.3. Results and Discussion 

In the past decade it has become possible to ionize molecules from native surfaces with mass 

spectrometry at ambient pressures through the development of novel ionization sources.
8-18

 Each ionization 

technique, due to their unique ionization mechanisms, has specific applications and uses in diagnostics, 

forensics, histopathology and high throughput screening. While many of these ionization sources provide 

“gentle” desorption of surface ions, none of the most widely used ambient ionization methods are delicate 

enough as to not significantly disturb microbial colonies grown on the relatively soft surface of agar 

medium in a Petri dish. Mass spectrometry analysis of such samples typically results in the destruction of 

the agar and of the microbial colony.
19

  

Analysis of solid agar as opposed to liquid culture based growth conditions is essential as some 

microbial behavior including many developmental processes and production of certain secreted factors, 
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such as cannibalistic factors in B. subtilis, have only been observed when the microbes were grown on solid 

media.
20

 Furthermore soft-agar culturing is very common in microbiology laboratories. As the ionization 

source usually dictates the types of samples that can be characterized with mass spectrometry, we surveyed 

available ambient pressure ionization sources and discovered that the recently invented nanoDESI was able 

to ionize dyes, peptides and proteins from glass slides and Teflon surfaces without needing a destructive 

vector, such as a carrier gas.
21

 Importantly, the nanoDESI ionization source is of fairly simple and 

straightforward design that can be built at low cost on most common mass spectrometers such as ion traps, 

Orbitraps, Q-TOFs and others.  

NanoDESI utilizes solvent delivered via a syringe pump or HPLC through a primary line of fused 

silica capillary (Figure 3.1A-B) where the terminal end is positioned slightly above the sample surface. The 

solvent is passed through using a pumping device, such as a syringe pump, from the first capillary and into 

a second piece of fused silica capillary. This second self-aspirating nanospray capillary is positioned to 

form a liquid bridge between the terminal end of the primary fused silica capillary and the anterior end of 

the nanospray capillary. The analyte is desorbed from the sample surface at the liquid bridge and 

transferred into the nanospray capillary by capillary action and by vacuum from the heated mass 

spectrometer inlet. Solvent flow through the nanospray capillary and subsequent electrospray into the mass 

spectrometer is maintained by the effective vacuum from the mass spectrometer inlet as well as the 

application of high voltage to the solvent allowing for a constantly flowing yet constant volume microliter 

sized droplet at the liquid bridge. The size of the droplet formed at the junction between the two capillaries 

is controlled by adjusting the flow rate into and out of the liquid bridge with the latter being accomplished 

by adjusting the position of the terminal end of the nanospray capillary relative to the mass spectrometer 

inlet. Once the desired droplet size is achieved at the liquid bridge, surface sampling is achieved by simply 

making contact with the droplet at the liquid bridge with the sample surface allowing molecules to desorb 

into the solvent stream followed by immediate analysis by mass spectrometry. This simple instrument 

design allows for good inter-laboratory reproducibility as this work was performed on an LTQ-Orbitrap 

and an LTQ-FT-ICR located in two different laboratories using two independently built custom nanoDESI 

ionization sources constructed from two different starting platforms and yet yielded very similar results.  
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Initial nanoDESI experiments were carried out on individual biofilm forming colonies of Bacillus 

subtilis 3610, which produces a wide range of well-characterized compounds, and therefore provides an 

ideal test system.
20,22

 NanoDESI analysis was shown to be very sensitive in its ability to detect metabolic 

exchange factors when compared to our previous studies of the same system using MALDI thin layer agar 

analysis as well as DESI imprinting.
19,20,23

 As the analysis requires absolutely no sample preparation, the 

Petri dish containing the sample can simply be placed under the liquid bridge and raised into position until  

 

 

Figure 3.1: An overview of nanoDESI analysis of microbial colonies from a Petri dish. A) A schematic 

overview of nanoDESI. HV stands for high voltage. B) A photograph of the nanoDESI set-up with a 

microbial colony grown on an agar surface in a Petri dish. C) A mass spectrum obtained from a B. subtilis 

3610 colony with nanoDESI. *correspond to agar sugar signals, I is diglycosyl diglyceride (DGDG), II is 

lysyl-phosphatidylglycerol (LPG), III is surfactin, IV is sublancin (3
+
), V is sporulation killing factor (SKF) 

(2
+
), VI is plipastatin, VII is subtilosin (2

+
). D) Time dependent analysis at a single location within a 3-day 

old B. subtilis 3610 colony to indicate the changes in signal intensity of specific molecules over time. 

Solvent used was methanol : acetonitrile : toluene (50:35:15).   

 

the nanoDESI liquid probe makes contact with the living colony allowing for instant chemical 

characterization of the sample surface. As with any surface liquid extraction method, the types of the 

molecules observed in the spectrum depend on the solvent used. Specifically, compounds soluble in a 
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particular solvent are preferentially desorbed and ionized by nanospray. This flexibility allows for careful 

tuning of the detection of certain compounds, which can greatly aid in data collection and analysis. The use 

of a nanospray capillary to direct the post-desorption solvent stream toward the mass spectrometer inlet 

also results in great signal intensity since little to no solvent is lost and allows for fast and easy cleaning of 

the ionization source as this is the only piece of the source that gets dirty. 

While this technique has proved very versatile within our laboratories across many sample types, 

no method is without its limitations. As nanoDESI is a surface sampling method, the chemical composition 

of the surface will likely have an influence on ionization efficiency. For instance, while many agar medias 

perform well using nanoDESI, such as LB, ISP-2, BHI, PDA, M9 and Spider media, certain medias 

containing extreme amounts of salt, such as M1 or A1 salt water media, and high amounts of glycerol, such 

as MSGG media, may cause ion suppression resulting in decreased analyte signal. This becomes less of an 

issue as the microbial colony becomes larger and thicker as the liquid droplet will have minimal contact 

with the media directly. Also, analysis of viscous samples can lead to clogging of the secondary capillary; 

however, this can usually be compensated for by changing the polarity of your solvent or by increasing the 

droplet size. Lastly, very conductive sample surfaces, such as conductive ITO microscope slides, will likely 

lead to poor ionization and can be corrected for by changing the sample surface or by repeatedly “touching” 

the sample surface with the droplet as analyte signal is regained once lifted from the conductive surface and 

will persist for a short time.   

Since no enrichment steps are performed prior to analysis, data collected via nanoDESI often 

results in numerous different classes of compounds represented within a single data set (Figure 3.1C). In 

addition, signal for most analytes will persist from a single sampling location for extended periods of time 

(Figure 3.1D) allowing for automated collection of tandem mass spectrometry data. Characterization, 

annotation and/or identification of the observed signals thus present a significant challenge. In 

metabolomics, identification of a molecule is usually carried out by targeted tandem mass fragmentation. 

The resulting fragmentation pattern can then be compared to metabolomics databases such as METLIN, 

MassBank, LIPID MAPS or similar types of databases.
24-26

 However, as most molecules involved in 

metabolic exchange are unique to one or a few organisms, there is currently no database that has a 

searchable mass fragmentation library accessible to the public of sufficient size to cover the unique 



58 
 

 

molecules produced by most known microbes. Therefore, one has to usually resort to manual interpretation 

of fragmentation data, which unfortunately is currently the state-of-the-art in the natural products field with 

the basic experimental paradigm for discovery remaining essentially unchanged since the discovery of 

penicillin in the late 1920’s. Manual analysis of a single MS/MS spectrum typically takes between 10 

minutes to several hours depending on its nature and complexity and is therefore incredibly time 

consuming and becomes impractical when the data consists of thousands to millions of MS/MS spectra. 

Furthermore, even with more evolved ‘omics’ based analysis methods, obtaining a global visualization of 

collected data for quality assessment and analysis is a key bottleneck within the workflow.
27,28

 In the 

context of natural products, such tools for data organization and navigation, let alone compound 

identification, are simply non-existent. Hence, alternative ways to look at fragmentation data need to be 

developed.  

The visualization of networks using freeware such as Cytoscape (www.cytoscape.org) is often 

used for the global display of large data sets such as protein interactions, biochemical pathways, population 

networks and even airplane travel.
29-32 

In biology, such networks enable the direct observation of 

similarities as well as differences between two or more conditions where similar entities within the network 

are clustered together while disparate or unique entities are grouped separately. As mass spectral 

fragmentation of each individual molecule results in a unique MS/MS fingerprint, we decided to develop 

network-based workflows to organize large data sets of tandem mass spectra based on the similarity 

between fragmentation patterns of different, but related, precursor ions. Using a variation of Spectral 

Networks designed for proteomic applications, the data is initially simplified by forming consensus spectra 

where identical spectra exhibiting identical precursor ion mass-to-charge ratios (m/z) and fragmentation 

patterns are merged.
33

 The simplified MS/MS data are then used for generation of the molecular networks 

analysis (Figure 3.2A). Vector similarities are calculated for every possible pair of spectra with a minimum 

of six matching fragment ions (peaks) with similarity determined using a modified cosine calculation that 

takes into account the relative intensities of the fragment ions as well as the precursor m/z difference 

between the paired spectra. This extends the concept of spectral alignment as applied in proteomics with 

the key exception that certain peptide-specific parameters, such as the utilization of peak likelihood scores, 

are generalized in order to apply this approach to all classes of molecules including lipids, polysaccharides, 

http://www.cytoscape.org/
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peptides, metabolites and proteins. This is important as it is not known ahead of time what class of 

molecules will be ionized during analysis. Once this is completed, the significantly-matched spectrum pairs 

are reported as a molecular network using MATLAB scripts where each spectrum is allowed to connect to 

its top K scoring matches (we typically allow a maximum of 10 connections per node). Edges between 

spectra are retained only if in the top K for both paired spectra and the vector similarity score, represented 

as a cosine value, of the match is above the user defined threshold. Cosine threshold values are usually set 

to 0.5-0.7 where a cosine value of 1.0 indicates identical spectra. Furthermore, the created MS/MS network 

is processed in MATLAB by removing control spectra representing agar, solvent or control colonies and 

assigning colors and m/z-values to nodes. This data is then imported into the free visualization program  

 

Figure 3.2: The generation of molecular networks via spectral alignment. A) A schematic 

representation of how the molecular networks are generated. The values are representative of cosine scores 

from 0 to 1, where 1 indicates identical spectra while 0 means no similarity whatsoever. In our data we 

found that a cosine cutoff of 0.5 resulted in molecular networks that could be interpreted. The thickness of 

the edges (the blue lines connecting the nodes) indicates the level of similarity. B) A Cytoscape 

visualization of the surfactin single adduct cluster from B. subtilis 3610. The full MS/MS network is shown 

in Figure 3.3A. Nodes with red border are represented in 3.2C. C) An example of four spectra from the 

molecular network shown in Figure 3.2B that show a strong cosine score.  
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Cytoscape to visualize the MS/MS networks.
29

 Cytoscape produces a visual representation of the molecular 

network where each node (circle) represents a single consensus MS/MS spectrum for a given parent mass 

and the thickness of an edge between connecting nodes being indicative of the similarity score for that 

spectral pair with higher scoring matches resulting in thicker connecting edges and when possible in closer 

distances. Depending on Cytoscape’s non-deterministic network rendering algorithms, the distance 

between nodes also depends on the direction and number of connections.   

The benefit of such an approach is that since spectra are organized based on fragmentation 

similarity, identification of analogs and related compounds becomes much easier. A subset of a molecular 

network generated for B. subtilis 3610 from roughly 25,000 fragmentation spectra is shown in Figure 3.2B. 

It shows that analogs of the cyclic lipopeptide surfactin are localized in one region within the MS/MS 

network. One can see analogs of surfactin separated by 14 or 28 Da largely due to differences in lipid side 

chains and exchange of amino acids (e.g. Gly and Ala) consistent with fragmentation data (Figure 3.2C). 

This is a common observation with lipopeptides made via the non-ribosomal peptide synthetase paradigm.
34

 

Furthermore, the cluster shows numerous differences of 16 Da between nodes, which is usually attributed 

to loss or gain of oxygen as well as between Na and K adduct forms of the molecule, and differences by 

loss of 113 Da consistent with the amino acids Leu and Ile. While the mass differences caused by oxidation 

and varying lipid chain length were expected, the loss of Leu/Ile was not. Comparison of the neighboring 

surfactin MS
2
 spectra with the -113 Da MS

2
 spectra (Figures 3S1-3S3) indicated that the parent compound 

exhibiting the loss of Leu/Ile was still a cyclic lipopeptide. The data is consistent with the biosynthetic 

pathway “skipping” one of the N-terminal leucine residues during the biosynthesis (Figure 3.3A and 3S4). 

It should be noted that the location of the nodes within the planar representation of the MS/MS network is 

not related to the nature of the molecule as the spatial orientation of the MS/MS network is randomly 

generated when the network is rendered by Cytoscape. To further aid in identification, MS
2
 of known 

molecules can be included within the MS/MS network and tracked for comparison and for propagation of 

annotations from known to unknown metabolites. In addition, data visualization using molecular networks 

allows one to discover molecules that are still unclassified but may be biologically relevant especially when 

comparing samples from two states, such as different time points or mutants. 
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In order to generate a more complete MS/MS network for B. subtilis, we combined data sets 

collected using a variety of solvents. Specifically, we acquired nanoDESI data using two solvents: 1) a 

mixture of acetonitrile : 0.05% formic acid in water (65:35)  for extraction of polar compounds and 2) a 

methanol : acetonitrile : toluene (50:35:15) mixture for extraction of non-polar compounds. These 

experiments enabled the detection of a wide range of molecules within a single mass spectral MS/MS data 

set including lipids, peptides, small metabolites and polysaccharides (Figure 3S5). Molecular networking of 

these data revealed metabolic exchange factors such as the lipopeptides surfactin and plipastatin, the 

ribosomally encoded peptides SKF and subtilosin, fatty acids and lipids such as diglycosyl glycerides 

(DGDG) and lysyl-phosphatidylglycerols (LPG), and various polysaccharides from the agar medium 

(Figure 3.3A). For each identified compound, the fragmentation pattern is consistent with the MS
2
 reported 

in the literature (when available) with additional confidence through detection of multiple variations for 

almost all compounds including H
+
, Na

+
 and K

+
 adducts as well as comparison with purified standards 

(Figures 3S6-3S28).
20,35-37

 Using molecular networking, another novel surfactin analog was found: two 

nodes with masses of m/z 685 (due to variances in spectral quality) were tightly clustered with known 

surfactins (m/z 990-1100). Further inspection of the spectrum revealed that the mass at m/z 685 is a linear 

analog of surfactin with the sequence (I/L)(I/L)VD(I/L)(I/L) (Figure 3.3A, Figures 3S29-3S30). Since the 

molecular weight of this compound is significantly lower than for any reported surfactin, it would have 

been much more difficult to recognize the relationship between the MS/MS spectrum of this compound and 

other surfactins without molecular network visualization. 

To highlight the broad applicability of nanoDESI based molecular networking in microbiology, molecular 

networks were also constructed for the soil bacteria Streptomyces coelicolor, Serratia marcescens ES129 (a 

common soil organism as well as an opportunistic pathogen that is also associated with eczema), 

Mycobacterium smegmatis MC2 (a model organism for Mycobacterium tuberculosis), and Pseudomonas 

aeruginosa PAO1 (an opportunistic pathogen of the lung that is also associated with other infections) 

(Figure 3.3B). A variety of structurally and functionally diverse molecules were identified using these 

MS/MS networks which included quorum sensing molecules like quinolones and peptides as well as 

glycolipids, antibiotics, pigments and oligosaccharides (Figures 3S6-3S28). Furthermore, it is intriguing to 
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note that a large number of tightly clustered nodes were not annotated, thus highlighting the capability of 

molecular networks to reveal molecular diversity and potentially novel unidentified compounds. 

 

Figure 3.3: Molecular networks of single microbial colonies. A) The annotated molecular network from 

B. subtilis 3610. B) The annotated molecular network of Streptomyces coelicolor A3(2), Mycobacterium 

smegmatis MC2, Pseudomonas aeruginosa PAO1, Serratia marcescens ES129. The insets show images of 

the samples that were probed with nanoDESI. The structures of each of the annotated clusters are shown in 

the supporting information (Figure 3S1, 3S4 and 3S5). The coloring scale in this figure shows the mass 

range of the parent ions: green nodes represent the smallest masses all the way to red, which represent the 

largest masses fragmented. The scale bar in the figures represents 1 mm. 

 

By using a liquid sampling protocol such as nanoDESI, in conjunction with mass spectrometry 
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based molecular networking, the molecular profiles from intact microbial colonies of ~50 different 

microbes have already been collected with the rate limiting step being the time needed to culture the 

organisms themselves. Most mass spectrometry laboratories are not set up for culturing and therefore tools 

such as this provide unique opportunities for collaborations with microbiologists and other life scientists. 

Also, by not selecting for a single class of compounds, these data sets give microbiologists the unique 

opportunity to gain insight into the general molecular content of their living systems at a given point in 

time. The small footprint of the probe, ranging from 10 m to 500 m depending on capillary size, also 

allows for discrete profiling across the sample surface in order to observe differences in metabolic output 

within a single colony or within a complex microbial population while at the same time providing minimal 

destructive impact on the sample being analyzed. 

 

Molecular networking over time.  

 While current tools for temporally monitoring chemical changes of microbial colonies from solid 

surfaces are time consuming, nanoDESI analysis combined with data visualization using molecular 

networking improves the efficiency of such experiments as data is acquired in real-time. To monitor live 

colonies, single colonies of B. subtilis 3610 were subjected to repeated nanoDESI measurements over the 

course of 60 hours (Figure 3.4A) whereby at each time point single colonies, grown on ISP2 nutrient agar, 

were removed from the incubator, photographed, analyzed by nanoDESI for 10-20 seconds and then placed 

back into the incubator until the following measurement. Upon visual inspection after each measurement, 

there appeared to be no significant physical damage and no contamination to the bacterial colony. 

However, decreased growth of the biomass was observed in the small area (<300 µm
2
) sampled during the 

analysis (arrow in Figure 3.4B). This resulted in only local effects and did not appear to impact the overall 

growth of the entire colony when compared to control colonies that were not analyzed by nanoDESI 

(Figure 3.4B). This local damage to the colony can likely be minimized by using different solvents or 

smaller capillaries, which can bring the size of the nanoDESI droplet down to less than 10 m in diameter.  

 An additional time course experiment was performed using separate colonies of B. subtilis 3610 

where at each time point roughly 4000 MS
2
 spectra were collected from the colony surface enabling the 

creation of molecular networks in a time dependent manner (Figure 3.4C). The resulting MS/MS network 
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showed a clear increase in metabolic output within B. subtilis across the 60 hour time period with increased 

production of structural variants of the cyclic peptides surfactin, plipastatin and subtilosin steadily 

increasing over time. Surfactin can be seen immediately produced after inoculation followed by plipastatin 

at 12 hours and lastly subtilosin at 24 hours. This latter result mirrors what we have seen using MALDI-

based imaging mass spectrometry (IMS) where there is a metabolic switch observed between 16 and 22  

 

 

Figure 3.4: NanoDESI and molecular networking in a time dependent manner. A) NanoDESI analysis 

over time of a single microbial colony of B. subtilis 3610. B) An optical photograph of a 72-hour colony 

that was probed 8 times and the effect nanoDESI has on the colony phenotype. I is the sample (arrow 

points to one of sampling locations) and II is the control that was not subjected to nanoDESI analysis. C) 

The molecular network and annotation of specific clusters from tandem MS/MS data taken from B. subtilis 

3610 over time. The scale bar represents 1 mm. 

 

hours resulting in the production of plipastatin and subtilosin. In addition to what we have annotated using 

MALDI based IMS, we observed the production of the glycopeptide sublancin
38

, whose signal only 
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appeared between 12 and 36 hours. There was also a major shift in lipid production at the 36 hour mark 

indicating possible temporal, nutritional or quorum sensing based regulation of sublancin production. This 

observation of transient sublancin production is consistent with the RNA transcript analysis of the 

biosynthetic enzymes involved in the production of sublancin which steeply declined after 27 hours of 

culturing (Figure 3S31).
39

 Lastly, a closer look at the surfactin and plipastatin node clusters show changes 

in production for specific compound variants over time. Plipastatin is initially produced in its A and B 

forms with a gradual shift to only production of Plipastatin B (Figure 3S32) while surfactin produces its 

longer lipid length variants across the whole time course but produces shorter lipid chain length variants 

only between 24 and 48 hours (Figure 3S33). This again shows how the combination of nanoDESI analysis 

on live microbial colonies and molecular networking is giving unprecedented access to molecular 

information of microbial systems. 

Molecular networking of microbial interactions. 

Microbial populations in nature almost always exist in assemblages interacting with their 

neighbors. When Bacillus subtilis PY79 (a lab domesticated strain of B. subtilis 3610 in which most of the 

PKS and NRPS metabolic machinery is non-functional) interacts with Streptomyces coelicolor A3(2), B. 

subtilis PY79 elicits pigment production and aerial hyphae formation in S. coelicolor, while S. coelicolor 

increases production of the cannibalistic factors SKF and SDP in PY79 in the region of interaction.
23,40 

Here we show that such interactions can be easily examined using nanoDESI in combination with 

molecular networking. 

Samples were prepared by inoculating 2 individual colonies of S. coelicolor 5 mm apart and 

allowing growth for 18 hours at 30°C at which time a single 0.5 L inoculum of B. subtilis PY79 was 

placed 1 mm from one of the S. coelicolor colonies. After 36 hours, the Petri plate was removed from the 

incubator and immediately analyzed by nanoDESI where tandem mass spectra were automatically collected 

from each of four sampling locations: the S. coelicolor colony farthest from the B. subtilis PY79 colony, 

the S. coelicolor colony closest to the B. subtilis PY79 colony, the side of the B. subtilis PY79 colony 

closest to S. coelicolor and the side of the B. subtilis colony farthest from S. coelicolor. Two MS/MS 

networks were created (one from both S. coelicolor colonies combined and one for both B. subtilis 

sampling locations combined) along with a control data set for removal of background nodes from solvent 
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and agar (Figure 3.5). The resulting MS/MS network confirms previous reports with findings that 

actinorhodin and SapB are present at the S. coelicolor colony nearest B. subtilis while the signals for SKF 

from B. subtilis appear more prominently on the interacting side of the B. subtilis colony. In addition, the 

analyses showed that calcium dependent antibiotic (CDA) in S. coelicolor is also present at the colony 

interaction interface as well as many other signals that are currently unknown. Also, while the red pigment 

prodiginine is present in both the near and far S. coelicolor colonies, increased production of the compound 

in the near colony resulted in the formation of prodiginine oligomers and adducts which range from 400 Da 

up to 1800 Da as determined by the MS/MS fragmentation data (Figures 3S34-3S35). The data indicates 

that multi-species comparative molecular networking is a powerful strategy to characterize molecular 

differences in live, interacting microbial colonies. 

 

Figure 3.5: The molecular network of S. coelicolor A3(2) interacting with B. subtilis PY79. A) The 

comparison of the molecular data from the S. coelicolor colony adjacent to B. subtilis versus the S. 

coelicolor colony further away. B) The comparison of the molecular data from the interacting and non-

interacting sides of the B. subtilis PY79 colony. It should be noted that although PY79 has a frame shift in 

sfp, the phosphopantetheinyl transferase required for surfactin and plipastatin biosynthesis, surfactin is still 

produced in small amounts.
41

 This has been observed before by MALDI imaging, as well as imprint DESI 

and can be attributed to promiscuity of another phosphopantetheinyl transferase or due to a ribosome 

slippage providing a low amount of in frame translation of the frame shifted sfp gene.
21,23

  

 

3.4. Conclusion 

By adapting nanoDESI mass spectrometry for profiling live microbial colonies grown on Petri 

dishes, we have demonstrated that for the first time it is possible to perform highly sensitive metabolic 
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profiling directly off living microbial communities without the need for chemical tags, labels, or any 

sample preparation whatsoever. This ability to capture a wide variety of molecular classes within a single 

mass spectrum directly from a live specimen will prove extremely useful in visualizing the “big picture” of 

these signal transduction networks and will allow researchers to see a more complete chemotype resulting 

in more accurate correlations to their observed phenotype. 

 We have also shown that analysis of the MS/MS data using molecular networking enables 

detection and visualization of related compounds via spectral relationships within and between data sets as 

analogous compounds become easily visible since chemical families are grouped together. In addition, 

MS/MS networks enable dereplication
49

 (finding “known unknowns”) and allow for prioritization of the 

analysis of individual MS/MS signals by finding variation/diversity of molecules across multiple 

conditions/species even before its identity is determined as we have shown for detection and partial 

characterization of thanamycin. Tools such as nanoDESI and molecular networking by spectral alignment 

are an important addition to our effort to create a Rosetta stone for microbial interactions through observing 

and classifying metabolic exchange.
3
 In a more general context, the methods described here constitute a 

powerful set of tools in systems (micro)biology for investigating the spatio-temporal dynamics of diverse 

metabolic exchange processes. 

 

3.5. Methods  

Preparation of bacterial samples 

Colonies of Streptomyces coelicolor A3(2) were prepared by inoculating 1 L of harvested spores 

onto ISP2 nutrient agar (7.5 g agar, 5 g malt extract, 2 g yeast extract, and 2 g dextrose in 500mL milli-Q 

water) and incubating at 30°C until the desired time point. Colonies of Bacillus subtilis 3610/PY79, 

Serratia marcescens ES129, and Pseudomonas aeruginosa PAO1 were prepared by inoculating 1 L of 

cell stock into 4 mL of LB broth and incubating at 30°C until OD600=0.4. From this starter culture, 0.2-1.0 

L was inoculated onto ISP2 nutrient agar and allowed to grow at 30°C until the desired time point. 

Colonies of Mycobacterium smegmatis MC2 were prepared by inoculating 1 L of cell stock into 4 mL of 

LB broth and incubating at 30°C until OD600=0.4. From this starter culture, 1.0 L was inoculated onto LB 
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nutrient agar and allowed to grow at 30°C until the desired time point. For the data shown, S. coelicolor, S. 

marcescens, P. aeruginosa, and M. smegmatis were analyzed by nanoDESI 72, 48, 36, and 48 hours after 

inoculation, respectively.  

Co-cultures of B. subtilis PY79 and S. coelicolor A3(2) were prepared by inoculating two 1 L 

colonies of S. coelicolor onto ISP2 nutrient agar approximately 5 mm apart and allowing to grow for 18 

hours at 30°C, in order to fortify the colony, after which 0.2 L of B. subtilis PY79 was inoculated 1 mm 

from the terminal end of one of the S. coelicolor colonies and allowed to grow for an additional 36 hours at 

30°C. 

 

NanoDESI instrument setup 

Data collection was performed using two different nanoDESI ionization sources of similar but 

different design in two different laboratories. The first was located in the Laskin laboratory at Pacific 

Northwest National Laboratory and was coupled to a Thermo LTQ-Orbitrap mass spectrometer equipped 

with CID capabilities. The second nanoDESI source was located in the Dorrestein laboratory at the 

University of California, San Diego and was coupled to a Thermo LTQ-FT-ICR mass spectrometry also 

capable of CID. The overall design of both instruments, as illustrated in Figure 3.1A, is very simple in that 

solvent is loaded into a 250 or 500 L syringe which is placed in a syringe pump. Solvent is initially 

pushed through 300 m O.D. x 100 m I.D. fused silica capillary tubing to a stainless steel union where 

voltage is applied and the tubing is stepped down to 150 m O.D. x 50 m I.D. which continues to the 

liquid bridge where it meets the self-aspirating nanospray capillary. The position of both the primary and 

the nanospray capillaries are controlled by two separate xyz manual positioners and monitored by mounted 

video cameras. All analyses were performed in positive ion mode in the mass range of m/z 100-2000. Both 

the primary and the nanospray capillaries were 150 m O.D. x 50 m I.D. with solvent being delivered and 

removed from the liquid bridge at approximate 45° angles. The spray voltage was kept between 2.0 and 3.0 

kV depending on the solvent with the solvents largely being either Acetonitrile : 0.05% formic acid in 

water (1:1) or Acetonitrile : Toluene : Methanol (35:15:50) running at a flow rate of 0.8-2.5 L/min. The 

droplet size using this configuration was approximately 200 m in diameter. 
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NanoDESI profiling and time course experiments 

Profiling and time course experiments were performed using a simple protocol as absolutely no 

sample preparation is needed for analysis. For each measurement, samples were removed from the 

incubator, photographed and placed directly onto the nanoDESI sample stage for analysis. Using a series of 

mounted cameras for guidance, the sample was manually raised until the liquid bridge came into contact 

with the sample surface. Signal from the sample surface was produced almost immediately and, depending 

on the nature of the sample and analyte, remained consistent enough at a single location to usually allow for 

20 minute acquisitions of data dependent tandem mass spectra. For time course experiments, the solvent 

droplet was only in contact with the colony for 20 seconds for each measurement after which the sample 

was placed back in the incubator until the following time point. For experiments where voltage was not 

used, the flow rate of the nanoDESI was stopped prior to bringing the sample to the probe, the droplet was 

allowed to sit on the colony surface for 20 seconds, the sample was removed and the flow rate and voltage 

were turned back on for data collection. Control samples were treated exactly the same as samples that 

were analyzed using the nanoDESI whereby they were removed from the incubator at each time point, 

photographed, left outside the incubator while the samples were analyzed, and then placed back into the 

incubator without being analyzed by nanoDESI themselves. 

 

Construction of molecular MS/MS networks 

Tandem mass spectra were clustered with MS-Cluster 
33

 to group repeatedly acquired spectra from 

the same molecules into cluster-consensus spectra with a higher signal to noise ratio. As the obtained 

spectra contained fragmentation signatures for not only peptides, but also polysaccharides, lipids, small 

molecular metabolites and even small proteins, the following non-default settings were used to avoid bias 

towards peptide scoring: clustering model LTQ_TRYP, minimum spectrum quality 0 (to avoid peptide-

specific spectrum quality metrics), disabled assign-charges and correct-pm commands. Cluster-consensus 

spectra were processed by applying square root transforms to fragment peak intensities (to 

increase/decrease the influence of low/high intensity peaks, respectively), scaled to Euclidian norm 1 and 

used for the construction of molecular MS/MS networks in two steps: 1) pair wise spectral alignment to 

find pairs of spectra from related molecules and 2) selection of significant pair wise alignments to define 
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the MS/MS network. For each pair of spectra S and S’, spectral alignment was computed by defining 

modification mass M=PM(S’)-PM(S) as the difference between their precursor masses and by finding 

matching fragment peaks between S and S’ as follows: i) peaks pS and p’S’ are eligible matches if 

|mz(p)-mz(p’)|≤t or if |mz(p)+M-mz(p’)|≤t, for a predetermined fragment m/z tolerance t; ii) match scores 

between matching peaks are defined as the product of their normalized peak intensities; iii) peak matches 

define a Bipartite Matching problem of selecting the highest scoring subset of matching peaks where each 

peak is matched to at most one peak in the other spectrum (a classical computer science problem with well 

known algorithms for finding optimal solutions). As a result of the spectrum intensity scaling and peak 

match scores, the optimal solution of each bipartite matching problem corresponds to the highest-possible 

cosine between the intensities of matched peaks.
50

 Pairs of cluster-consensus spectra were considered for 

spectral alignment if their molecular masses differed by less than 45% and up to 400Da. Each spectrum 

retained only up to 10 highest-cosine alignments and pair wise alignments with cosine≥0.7 and ≥6 matched 

peaks were used to define the MS/MS networks
51

 where each node is a cluster-consensus spectrum and 

each edge corresponds to a significant pair wise alignment. All algorithms assumed precursor mass 

tolerance of 1.0 Da and fragment mass tolerance of 0.3 Da. 
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3.6. Supplemental Information 

 

Figure 3.S1: Comparison of the MS2 spectra for regular and truncated forms of surfactin. CID 

fragmentation pattern for the surfactin species missing the single leucine residue (top) with the CID 

fragmentation pattern for the known surfactin compound containing the leucine (bottom) shows identical 

daughter ions for all fragments on the C-terminal side of the missing leucine (blue arrows) while all 

daughter ions on the N-terminal side of the missing residue are shifted by the mass of leucine (113 Da...red 

arrows). Also, the daughter ion for the cleavage between the repeat leucines is missing in the shortened 

surfactin spectra (red circle).  
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Figure 3.S2: Surfactin MS/MS annotation. Comparison of the structure for the surfactin species missing 

the single leucine residue (top) with the structure of the known surfactin compound containing the leucine 

(bottom) shows identical daughter ions for all fragments on the C-terminal side of the missing leucine (blue 

arrows) while all daughter ions on the N-terminal side of the missing residue are shifted by the mass of 

leucine (113 Da; red arrows).   
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Figure 3.S3: Surfactin MS/MS spectra comparison. Multiple species of the shortened surfactin 

compound were observed including  C14, C15 and C16 lipid chain lengths with Na and K adducts for each. 

The above spectra show an example subset of the observed data.  
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Figure 3.S4: Proposed biosynthesis mechanism for skipping of repeat leucine. The top mechanism 

shows the typical surfactin biosynthesis while the bottom figure is a proposed mechanism to possibly 

explain how the biosynthetic machinery can skip one of the repeat leucine residues during production. Here 

we hypothesize that it may be possible for SrfB to receive the growing lipopeptide from SrfA after either 

leucine has been added in module 1 or 2 or that the product from module 1 can skip module 2 and go 

straight to module 3 (green arrows).  
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Figure 3.S5: Example MS1 mass spectra for B. subtilis 3610 using non-polar and polar solvents. 

Orbitrap positive mode spectra for B. subtilis 3610 using a non-polar (top) and polar (bottom) solvent. 

While many compounds are soluble in both solvents, certain compounds are unique to each condition such 

as the lipid families LPG and DGDG in the non-polar solvent and the macrocyclic peptides sublancin, SKF 

and subtilosin in the polar solvent.  
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Figure 3.S6:Annotated MS2 spectra for LPG. Example subset of MS2 CID spectra for the LPG family 

of compounds. All LPG compounds exhibited a common loss of the head group at m/z 301 along with a 

second major fragment containing the lipid chains. The bottom spectra contains extra peaks due to one of 

the agar polysaccharide peaks being within the mass isolation window. The spectra are consistent with 

published MS2 data.
52,53  
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Figure 3.S7: Annotated MS2 spectra for DGDG. Example subset of MS2 CID spectra for the DGDG 

family of compounds. Unlike the LPG compounds, the head group is retained in the mass fragments where 

each of the 2 fragments show the head group plus one of the two lipid chains. The spectra are consistent 

with published MS2 data.
53  
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Figure 3.S8: Annotated MS2 spectra for subtilosin. Confirmation of subtilosin from nanoDESI 

experiments (top) by comparing with TOF/TOF MALDI fragmentation pattern for purified subtilosin 

(bottom). Blue arrows indicate a 2+ ion in the nanoDESI CID spectra corresponding to a 1+ ion in the 

TOF/TOF while green arrows indicate both are 1+.
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Figure 3.S9: Annotated analog MS2 spectra for subtilosin. Example subset of MS2 CID spectra for the 

subtilosin peak cluster. Poor fragmentation is characteristic of cyclic peptides containing disulfide bonds.
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Figure 3.S10: Annotated MS2 spectra for plipastatin. Example subset of MS2 CID spectra for the 

plipastatin family of compounds. The spectra are consistent with published MS2 spectra.
54  
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Figure 3.S11: Annotated analog MS2 spectra for plipastatin. Example subset of MS2 CID spectra for 

the plipastatin family of compounds. The spectra are consistent with published MS2 spectra.
54  
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Figure 3.S12: Annotated MS2 spectra for surfactin. Example subset of MS2 CID spectra for the 

surfactin family of compounds. The spectra are consistent with published MS2 spectra.
52  
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Figure 3.S13: Annotated MS2 spectra for sublancin. CID MS2 spectrum for sublancin [M+3H]
3+

 ion.  

The only major fragment observed is the loss of the sugar (m/z 1239.56), which is consistent with the 

published MS2 spectra for the native glycopeptide.
55  
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Figure 3.S14: Annotated MS2 spectra for SKF. CID MS2 of the [M+3H]
3+

 ion of SKF (bottom). Spectra 

is consistent with purified SKF (Top).
56 
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Figure 3.S15: Annotated MS2 spectra for SapB. CID MS2 for the [M+2H]
2+

 ion of SapB. The spectrum 

is consistent with published MS2 data.
57  

 



86 
 

 

 

Figure 3.S16: Annotated MS2 spectra for prodiginines. CID MS2 for the [M+H]
+
 ions of cyclized and 

linear prodiginine (red pigments in S. coelicolor). The spectra are consistent with published MS2 data.
58  
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Figure 3.S17: Annotated MS2 spectra for actinorhodin. CID MS2 for the [M+H]
+
 ion of g-actinorhodin 

(the blue/purple pigment in S. coelicolor). The identity was confirmed by comparing the fragmentation 

pattern from the observed mass in the nanoDESI data set (bottom) with that of a standard of g-actinorhodin 

(top). Blue arrows show identical peaks.  We would like to thank Professor Richard van Breemen at 

University of Illinois at Chicago for donating the g-actinorhodin reference spectrum.
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Figure 3.S18: Annotated MS2 spectra for CDA. Example MS2 CID spectra for the CDA family of 

compounds. The spectra are consistent with manual annotation as well as published MS2 spectra.
59  
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Figure 3.S19: Annotated MS2 spectra for coelichelin. CID MS2 spectra for the [M+H]+ ion of 

coelichelin. The spectra is consistent with published MS2 spectra.
60  
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Figure 3.S20: Annotated MS2 spectra for agar polysaccharide. Example subset of MS2 CID spectra for 

the polysaccharide found in the ISP2 group media. All MS2 spectra for the polymer show repeated losses 

of 162 and 180 Da due to shedding of hexose moieties in the chain. The spectrum is consistent with 

published MS2 data.
61  
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Figure 3.S21: Annotated MS1 spectra for glycopeptidolipids. Annotation of the MS1 parent mass 

spectra for the glycopeptidolipids (GPL’s) found in M. smegmatis.  Peaks in the cluster are separated by 12 

and 14Da which is indicative of a lipid chain. GPL III a and b are identical except for b containing one 

additional sugar unit.
62  
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Figure 3.S22: Annotated MS2 spectra for glycopeptidolipids. Example MS2 CID spectra for a GPL IIIa 

compound from the nanoDESI data. Data was confirmed by manual annotation as well as correlation so 

FAB MS2 published data.
62,63  
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Figure 3.S23: Annotated MS2 spectra for quinolones. Example MS2 CID spectra for the quinolone 

family of compounds from the nanoDESI data. The above spectrum shows a mixture of PQS and HQNO. 

The spectrum is consistent with published MS2 data for both compounds.
64 
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Figure 3.S24: Annotated MS1 spectra for rhamnolipids. Annotation of the MS1 parent mass spectra for 

the rhamnolipid family of compounds.  All ions are [M+2Na-H]
+
 .

65,66
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Figure 3.S25: Annotated MS2 spectra for rhamnolipids. Example CID MS2 for the rhamnolipid family 

of compounds (Rlp). The MS2 fragmentation was consistent with published MS2 data and was confirmed 

by manual annotation. 
65,66  
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Figure 3.S26: Annotated MS2 spectra for phenazines. Example CID MS2 for the phenazine family of 

compounds (phenazine-1-carboxylic acid shown). CID MS2 spectra from nanoDESI (bottom) is consistent 

with CID MS2 for commercial reference standard (top) as well as published data.
67  
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Figure 3.S27: Annotated MS2 spectra for prodigiosin. Annotation of the CID MS2 for prodigiosin. 

Spectra is consistent with published MS2 data.
68  
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Figure 3.S28: Annotated MS2 spectra for serrawettin. Annotation of the CID MS2 for serrawettin 

W1/Serratamolide A . Spectra is consistent with published MS2 data.
69  
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Figure 3.S29: Annotation of linear surfactin analog. Annotated MS2 CID spectra for the truncated linear 

surfactin peptide.  
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Figure 3.S30: Annotated MS2 spectra for linear surfactin. Comparison of the CID fragmentation 

pattern of the linear surfactin peptide (bottom) with the that of the surfactin compound containing the same 

LLVDLL peptide sequence within the ring (top) shows identical daughter ion fragments. Note that only the 

lower mass fragments are displayed for the regular surfactin compound. Also, the reason for the peptide 

fragments for the cyclic peptide being equal to the fragments for the linear peptide is due to surfactin 

undergoing a ring opening upon fragmentation where the ester linkage is broken and the hydroxyl group is 

retained on the C-terminal side of the peptide.
52  
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Figure 3.S31: Comparison of the RNA transcription and observed mass signals over time. Data for 

sublancin biosynthetic machinery (top)
70

 with observed sublancin masses from the nanoDESI time course 

(bottom). The transcript data show a steep decline in transcription for the sublancin biosynthetic machinery 

after 25 hours (mainly the ABC transporter sunT, unknown gene yolJ and the two thiol-disulfide reductases 

bdbA and bdbB with the precursor gene sunA remaining relatively constant), which directly correlates to a 

steep decrease in observed sublancin masses within the nanoDESI time course from B. subtilis 3610. Red 

nodes in the time course indicate the mass was present at that time point.  RNA transcript data plotted from 

http://bacillus-subtilis168.appspot.com.
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Figure 3.S32: Temporal monitoring of plipastatin production using molecular networking. When 

looking at the plipastatin node cluster within the molecular network for the nanoDESI time course of B. 

subtilis 3610, it was noticed that early on in the time course, plipastatin A (shorter lipid chain lengths) and 

plipastatin B (longer lipid chain lengths) were being made but at later time points only the longer lipid 

variants were observed in the mass spectra. This behavior also correlates to an overall increase in lipid 

production in the colony as observed by the networks after 36 hours. Red nodes indicate the mass was 

present.
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Figure 3.S33: Temporal monitoring of surfactin production using molecular networking. When 

looking at the surfactin node cluster within the molecular network for the nanoDESI time course of B. 

subtilis 3610, it was noticed that while longer lipid lengths of surfactin A/B/C were being made throughout 

the time course, shorter lipid lengths (especially for surfactin C) were only produced within a time window 

of 24-48 hours after initial innoculation on the ISP2 agar plate. 
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Figure 3.S34: Annotation of MSn data for prodiginine analogs. Within the S. coelicolor colony that was 

interacting with the B. subtilis PY79 colony, an extremely high amount of cyclic prodiginine was observed 

in the spectra (much more than observed by MALDI and DESI previously in our lab). This was 

accompanied by many higher mass ions that contained prodiginine within their daughter ions indicating a 

possible polymer of the compound. MS2, MS3 and MS4 of one of these polymers revealed a possible 

oligomer of 2-4 prodiginine molecules with one phosphate.
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Figure 3.S35: MSn spectra comparison for prodiginine. To confirm that the mass of m/z 392 observed 

in the MS4 spectra of the oligomer was prodiginine (top), is was compared to the MS2 spectra of 

prodiginine to confirm its identity (bottom). The spectra were identical.
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Figure 3.S36: Examples MS1 isotopic distributions for a chlorinated compound. Example of a typical 

chloronated (top right) and non-chloronated (top left) isotope distribution within the MS2 spectrum for 

thanamycin (MS2 of the +2 ion at m/z 646...bottom). Here we can clearly see that upon thanamycin losing 

the 4-chloro-threonine, the isotopic distribution of the mass signal changes from one indicative of 

halogenation (top right), where the monoisotopic peak +2 Da is 24% larger due to the presence of 
37

Cl in 

addition to the typical 2x 
13

C. The non-chloronated thanamycin fragment (top left) shows a typical carbon 

isotope distribution caused by the natural abundance of 
13

C.
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CHAPTER 4: MASS SPECTROMETRY GUIDED DISCOVERY OF MICROBIAL SPECIALIZED 

METABOLITES 

4.1. Abstract 

Chapters 2 and 3 of this dissertation have shown that the development of novel analytical 

approaches for studying microbial systems gives researchers new experimental options for solving 

biological problems. In this chapter, I will show three examples of how these novel mass spectrometry 

based techniques are capable of quickly and accurately identifying the chemical entities that govern 

microbial behavior. In the first example, a combination of IMS, nanoDESI and molecular networking are 

used to discovery 15 new acyl-deferrioxamine siderophores produced by Streptomyces coelicolor M145. 

The second example utilizes 3D MALDI IMS and nanoDESI to identify rhamnolipids produced by 

Pseudomonas aeruginosa as the causal factors in decreased germ tube formation in Candida albicans; a 

conclusion that provides valuable insight into the molecular interplay between biofilms present in the lungs 

of patients suffering from cystic fibrosis. And finally, the last example utilizes nanoDESI mass 

spectrometry and molecular networking to identify and structurally elucidate anti-fungal metabolites 

present in disease-suppressive soils.  

 

4.2. Discovery of new acyl-deferrioxamine siderophores from S. coelicolor M145 

4.2.1. Introduction 

Actinomycetes remain the single richest source of medically useful natural products, including 

antibiotics, antifungals, anthelminthics, antitumor agents, and siderophores
1-4

.  Most actinomycetes 

dedicate a substantial fraction of their genomes to the production of such natural products (~4.5% in the 

case of Streptomyces coelicolor)
3,5

.  Yet, it is clear that the overwhelming majority of this biosynthetic 

potential is not expressed under standard laboratory conditions 
3,5,6

.  Thus, there is great interest in 

developing new strategies that increase the number and diversity of the metabolites secreted by 

actinomycetes in the laboratory.  

Despite the clinical usefulness of these natural products, the roles that they play for the producing 

bacterium remain largely unknown
7
.  Their secreted nature has long prompted the idea that they may 

mediate diverse interactions between bacteria, ranging from chemical warfare to potential roles in 
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signaling
5,8,9

.  This idea raises the possibility that co-culture of actinomycetes may offer an avenue for 

discovery of compounds not produced in monocultures.  However, systematically evaluating this 

hypothesis using traditional chemical techniques has been technically challenging.  

Co-cultivating different species of soil bacteria results in dramatic physiological changes relative 

to when the bacteria are grown as pure cultures.  Ueda et. al. found that co-cultivation of actinomycetes 

frequently induced development and antibiotic production
10

.  These changes were caused by the production 

of the siderophore deferrioxamine by the strain stimulating antibiotic production
12

.  We recently found that 

the converse of this phenomenon is also at play in actinomycete interactions, i.e. that production of a 

siderophore that cannot be used by one strain can lead to impaired development due to a decrease in local 

iron availability
13,14

.  Another recent work that mapped pair wise interactions among a set of 64 

Streptomyces isolates concluded that outcomes of such interactions are mostly determined by metabolite 

production
11

.  Several other studies have examined interactions between streptomycetes and the common 

soil bacterium Bacillus subtilis
15-22

.  These studies have documented a number of different interaction 

modalities including inhibition of streptomycete development
15-18,22

, degradation of signaling compounds 

via secreted enzyme activity
17,18

, and alteration of streptomycete natural product biosynthesis
15,19-21

.  Given 

that each actinomycete is probably capable of producing dozens of secreted metabolites, and that 

interspecies interactions may influence production of these molecules, we sought an experimental 

framework that would allow us to systematically examine changes in the secreted metabolome during 

multiple pair wise interspecies interactions. 

The nascent mass spectrometry techniques of NanoDESI and MALDI-TOF imaging have recently 

opened new ways of examining the exchange of secondary metabolites between interacting bacteria in 

situ
15,19,23,24

.  In the work described here, we used these tools to examine the changes in the secreted 

metabolome of the well-studied actinomycete, S. coelicolor, as it grew near other actinomycetes.  We 

studied five such interactions and in each case we found many metabolites that were not produced by S. 

coelicolor when grown as a pure culture.  We also observed that the sets of metabolites associated with S. 

coelicolor colonies were highly variable depending on the interacting partner, suggesting a unique response 

in each case.  Several interactions triggered the production of an extended family of acylated 

deferrioxamines, never before observed from S. coelicolor.  Altogether, the results presented here indicate 



115 
 

 

that interspecies interactions can trigger broad, differential production of secreted metabolites by a single 

streptomycete.  Further, the detection of novel acyl-deferrioxamines from S. coelicolor illustrates that 

actinomycete co-culture, combined with mass spectrometry-based metabolomics, can be a fruitful approach 

for small molecule discovery. 

 

4.2.2. Results and Discussion 

An experimental system for studying actinomycete interactions 

S. coelicolor is perhaps the best-studied actinomycete.  Many features of its genome, secondary 

metabolism, growth, development, and stress response have been characterized
25-28

.  Some growth media, 

such as R2YE, stimulate rapid multicellular development of S. coelicolor and production of a range of 

secondary metabolites, including the pigmented antibiotics actinorhodin and the prodiginines
29

.  Other 

media, including ISP2, support the growth of S. coelicolor but robust development and secondary 

metabolite production only occur after prolonged incubation (i.e. >10 days).  To look for interactions that 

stimulated such metabolite biosynthesis by S. coelicolor on ISP2 medium, we spotted 1μL of a S. 

coelicolor spore suspension 5 mm away alongside 20 similar inocula of other actinomycetes.  Several 

actinomycetes triggered production of the red antibiotic prodiginine in S. coelicolor, in some cases as early 

as three days.  For example, see the interaction with Amycolatopsis AA4 in Figure 4.1A.  We focused on 

five interactions (all shown in Figure 4.1A) that provoked different temporal and phenotypic responses in S. 

coelicolor ranging from no stimulation of pigmentation or development (Streptomyces sp. E14 interaction), 

partial or strong pigmentation (Streptomyces sp. SPB74 and Amycolatopsis sp. AA4 interactions), and 

pigmentation and development (Streptomyces albus J1074 and Steptomyces viridochromogenes DSM40736 

interactions).  Given that developmental and natural product biosynthetic regulatory cascades are linked in 

S. coelicolor, we hypothesized that these different phenotypes expressed by S. coelicolor might be 

indicative of differences in the pattern of small molecules produced.   

To test this hypothesis, we employed two metabolomic approaches, NanoDESI and microbial 

MALDI-TOF imaging mass spectrometry (IMS), to examine the chemical response of S. coelicolor in each 

of these interactions (Figure 4.1B).  Importantly, both techniques allow for sampling directly from colonies 

grown on agar substrate
19,24

. NanoDESI MS is a recently developed methodology in which solvent is 
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delivered to the sample surface via a fused silica capillary
19

.  A second capillary draws the solvent off of 

the sample and directly into the mass spectrometer such that a small liquid bridge (~1μL) is constantly  

 

Figure 4.1:  S. coelicolor exhibits a variety of phenotypes in interactions with other actinomycetes. A)  

Micrographs of colonies of S. coelicolor grown alone (first column) and near colonies of other 

actinomycetes.  A range of S. coelicolor phenotypes, including differences in pigment production and 

multicellular development, is visible in interacting colonies over time.  The labels M (S. coelicolor M145), 

A (Amycolatopsis sp. AA4), E (Streptomyces sp. E14), S (Streptomyces sp. SPB74), and V (S. 

viridochromogenes DSM 40736) are used throughout. B)  Methodological workflow.  Each interaction was 

investigated using NanoDESI and MALDI-TOF imaging mass spectrometry.  The resulting spectral 

networks and ion distributions form a comprehensive dataset for analysis of these microbial interactions. 
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maintained on the sample surface between the two capillary ends.  The analyte desorbed from the sample 

surface is then subjected to data-dependent tandem MS analysis, ultimately yielding individual MS2 

spectra for the hundreds to thousands of ions detectable within the sample.  We thus used NanoDESI MS 

and MALDI-TOF IMS to analyze the colonies of the interactions shown in Figure 4.1A. The general 

experimental and data analysis workflow is diagrammed in Figure 4.1B.  In every case we sampled both the 

S. coelicolor colony and the interacting colony, which we refer to as the initiator colony, at days three, five, 

and seven.  We also sampled control colonies of S. coelicolor that were grown in isolation on the same 

medium and at similar time points.  The entire experimental set was collected in duplicate.  The thousands 

of MS2 spectra from all time points were used to build a spectral network that allowed for visualization of 

chemical species in both structurally familial and temporal contexts
19,30

. 

 While NanoDESI affords unparalleled sampling, microbial MALDI-TOF IMS allows for high 

resolution mapping of ions within a sample
24

.  As a complement to the NanoDESI spectral networks, we 

also collected IMS datasets for each interaction and S. coelicolor control colonies at day five. The 

combined output from these complementary techniques provided a uniquely rich dataset for simultaneously 

assessing the response of a single organism in multiple interactions at a system-wide scale and for 

prospecting for novel secondary metabolites. 

 

Interspecies interactions cause differential secondary metabolite production in S. coelicolor 

To broadly characterize the chemical response of S. coelicolor in these interactions, we considered 

these data in terms of chemical inputs from the initiator colonies, and chemical output from the S. 

coelicolor.  In our workflow, individual compounds present in the samples are represented as nodes
30

.  

When multiple MS2 spectra are judged identical, they are combined into a consensus spectrum represented 

by a single node
31

 and the MS2 spectrum underlying each node is compared to the spectra for all other 

nodes in the dataset. Where the MS2 spectra for two nodes meet a set of criteria designed to assess 

structural relatedness, they are connected with an edge
19,31

.  Applying this algorithm to the pooled datasets 

collected yielded an aggregated parent network, which was then filtered to maximize interpretability.  This 

entailed removing nodes associated with several controls including the solvent itself, agar medium with no 

colonies, and S. coelicolor colonies grown alone at three, five, and seven days.  Finally, nodes were 
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retained only if constituent spectra were found in both runs of data collection, giving a refined network 

composed of nodes representing ions found associated with the initiator colonies and S. coelicolor colonies 

during the interactions (Figure 4.2). 

 

Figure 4.2: Aggregated spectral network of metabolites during actinomycete interactions. The 

network is composed of nodes representing ions associated with S. coelicolor colonies grown near another 

actinomycete (ions found in S. coelicolor colonies grown alone were removed), and ions from initiator 

colonies.  Nodes only associated with S. coelicolor at any time are blue.  Nodes associated only with 

initiators are red.  Nodes only found in both an initiator and S. coelicolor at the same time are yellow.  Gray 

indicates nodes with variable behavior (i.e. found in multiple contexts).  Representative structures of 

identified metabolites are shown. 
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The network contains 629 nodes. Of these, 227 were associated exclusively with S. coelicolor 

colonies.  There were 278 nodes associated exclusively with the various initiator colonies.  Nineteen nodes 

were found exclusively in both S. coelicolor and a given initiator at the same time (common), and 105 

nodes showed variable behavior, i.e. they were found associated with S. coelicolor or an initiator at 

different times.  At a broad level, it is immediately apparent that these interactions triggered production of 

many compounds by S. coelicolor that it did not make when grown in isolation.  To see how similar the 

response of S. coelicolor was between interactions, we constructed Venn diagrams encompassing all S.  

 

Figure 4.3.  Global analysis of metabolites observed with NanoDESI. A) Venn analysis of nodes 

associated with interacting S. coelicolor colonies on day 3.  Each ellipse contains nodes found in the 

indicated interaction.  The majority of detected ions fall into the outer zones of the diagram, indicating that 

each interaction is more unique than it is similar to other interactions. B) Numbers of unique and shared 

nodes found at each time point.  For each day, the number of nodes found only in single interactions were 

summed to give the total number of unique nodes.  Nodes that were found in more than one interaction 

were summed to find the total number of shared nodes.  The number of unique nodes exceeds the number 

of shared nodes at every time point, suggesting that the response of S. coelicolor is different depending on 

the interaction. C) Patterns of known compound production.  Each compound family is observed as a 

subset of nodes within the larger network in Figure 4.2.  Heat map colors indicate the proportion of active 

nodes in each interaction.  For example, 1.0 indicates that all the nodes associated with a given compound 

family are active.  3, 5, or 7 represent sampling times in days.  Numbers beneath compound names indicate 

number of nodes associated with that compound in Figure 4.2.  Interactions are labeled as indicated in 

Figure 4.1A.  This analysis includes nodes associated with initiator colonies. 
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coelicolor-associated nodes for all five interactions for each day.  The diagram for day three is shown in 

Fig. 4.3A.  This analysis highlighted an important trend, namely that the majority of the nodes fall into the 

outer, or ‘unique’, zones of the diagram, implying that they are interaction-specific.  For day three, the total 

number of unique nodes was 94, vs. 29 nodes that fell into the ‘shared’ interior sections of the diagram.  

This trend was evident at every time point (Fig. 4.3B).  We also note that while some interactions triggered 

production of relatively few compounds at a given time point, i.e. S. albus and S. sp. SPB74 at day 3, each 

interaction, with the exception of the S. albus interaction, underwent a time when the majority of its 

stimulated compounds were unique.  Taken together, these results suggest that the chemical response of S. 

coelicolor was highly idiosyncratic depending on the interacting strain and the time of sampling.  

When we interrogated the network for known compounds in the S. coelicolor chemical response, 

we found sub-networks representing at least four major compound families: the antibiotics actinorhodin 

and the prodiginines, and the siderophores coelichelin and deferrioxamines B and E (Fig. 4.2).  To examine 

the pattern of production of each of these molecular families, we considered the percentage of the total 

number of nodes for each family active in each interaction at each time point (heat map in Fig. 4.3C).  For 

example, the prodiginine family of antibiotics is represented in the network as a sub-network consisting of 

eight nodes. Six of these nodes were found in the Amycolatopsis sp. AA4 interaction at day seven, 

representing robust stimulation of this compound family.  Production of each compound family varied 

according to the interaction and sampling time.  For example, S. sp. E14 did not stimulate prodiginine or 

actinorhodin production (as expected given that no S. coelicolor pigmentation is evident in this interaction).  

Amycolatopsis sp. AA4, S. sp. SPB74, S. viridochromogenes, and S. albus all stimulated production of both 

pigmented antibiotics, although the timing of production varied depending on the initiator. Genomic 

analysis showed that none of the initiator strains contain genes for production of either actinorhodin or 

prodiginines, and accordingly all compounds of these families associated with these interactions are 

presumed to originate from S. coelicolor.  As further validation of our overall approach, we determined the 

distribution of the prodiginines using IMS.  Prodiginine distribution was found to match exactly the pattern 

expected given the visibility of red pigment and the activity of nodes within the prodiginine sub-network. 

Coelichelin was found sporadically across the interactions, with the exception of the S. 

viridochromogenes interaction where it was observed at every time point. BLAST analysis of the S. 
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viridochromogenes genome clearly shows that it to possess the genes for coelichelin biosynthesis. Thus, 

observation of coelichelin in this interaction may reflect production by either or both of the strains.  

Deferrioxamine B or E was found in every interaction and at every time point with the exception of S. sp. 

SPB74 at day three.  Genes for deferrioxamine production are widely distributed among actinomycetes, and 

S. sp. SPB74, S. viridochromogenes, and S. albus all contain canonical operons for biosynthesis of this 

siderophore. However, Amycolatopsis sp. AA4 and S. sp. E14 do not have deferrioxamine synthesis 

operons. Thus, in the Amycolatopsis sp. AA4 and S. sp. E14 interactions, the observed deferrioxamines 

likely originated from S. coelicolor, while either or both of the strains may be responsible for its production 

in the S. sp. SPB74, S. viridochromogenes, and S. albus interactions. The common detection of 

siderophores in these interactions suggests that competition for iron may be stringent in interactions 

between actinomycetes, a notion further underscored by our findings detailed below and previously 

observed under other interaction conditions
14

. 

 

An extended family of acyl-deferrioxamines from S. coelicolor 

The spectral network in Fig. 4.2A contains many nodes of unknown identity associated with S. 

coelicolor colonies.  A majority of these unknown nodes fall into four major sub-networks, highlighted in 

Fig. 4.4A. One of these sub-networks (a1), was indirectly connected to the node representing 

deferrioxamine B, leading us to consider that these compounds might be modified versions of 

deferrioxamine.  Confirming this possibility, we found that the MS2 spectra of four of the nodes in this 

sub-network, representing compounds with m/z values of 743, 729, 687, and 659, matched exactly the MS2 

spectra of several recently characterized acyl-deferrioxamines
32

, including promicroferrioxamine
23

.  These 

molecules contain the core deferrioxamine siderophore structure (structure 1 in Fig. 4.4B) with a terminal R 

group composed of an acyl chain with an anteiso-methyl group (structures 3-6 in Fig. 4.4B).  The 

fragmentation patterns for these known acyl-deferrioxamines provided the basis for annotation of more 

molecules in these sub-networks, ultimately showing that S. coelicolor made at least twelve versions of the 

acyl-deferrioxamines with appendages ranging from C7-C17 fatty acids.  We also observed a node with an 

m/z of 727 that corresponds to a previously described version of promicrodeferrioxamine with a non-

hydroxylated central hydroxamate moiety (structure 2 in Fig. 4.4B).  



122 
 

 

Throughout the entire network, the nodes associated with these acyl-deferrioxamines total >90, 

and thus account for ~40% of the total response of S. coelicolor observable in the spectral network.  Of the 

four major sub-networks circled in Fig. 4.4A, sub-networks a1 and a2 share broad redundancy in terms of 

the masses of their constituent nodes, although the discrete clustering of sub-network a2 may indicate an 

unknown structural feature that sets these versions apart.  Sub-network a3 encompasses larger molecules 

that include versions of the C12 and C13 acyl-deferrioxamines with an unknown addition of ~118 Da.  

Finally, based on high-resolution masses, sub-network a4 likely contains ferrated and sodiated adducts of 

the acyl-deferrioxamines. These findings show that S. coelicolor is capable of making an extensive 

repertoire of siderophores in the presence of other actinomycetes.   

  

Figure 4.4:  Visualization of acyl-deferrioxamine subnetworks and deferrioxamine structures.  A) 

Acyl-DFOs form four major subnetworks (numbered a1-a4) within the larger spectral network.  

Subnetwork a1, circled in black, is magnified in Figure 4.5.  B) Structure 1 at top constitutes the core 

deferrioxamine stucture, while Structure 2 lacks a complete central hydroxamate moiety.  Structures 3-6 are 

acyl appendages from known acyl-deferrioxamines
23,32

. MS2 fragmentation patterns and m/zs from 

molecules bearing 3-6 match MS2 fragmentation patterns and m/z’s found here to be made by S. 

coelicolor.  The m/z associated with each structure are: 3 (743), 4 (729), 5 (687), and 6 (659). 

Stimulation of acyl-deferrioxamine production in interspecies interactions  

Having deduced the identity of a key component of the S. coelicolor chemical response, we 

returned to the spectral network and IMS data to further examine the temporal and spatial pattern of acyl-

deferrioxamine production across the five interactions.  When the heat map analysis presented in Fig 4.3C  



123 
 

 

 

Figure 4.5:  Patterns of acyl-deferrioxamine production in interspecies interactions. A) Heatmap of 

acyl-deferrioxamine production.  Analysis parameters are identical to those in Figure 4.3C. B).Subnetworks 

1 and 2 contain the majority of acyl-deferrioxamines verified by MS2 fragmentation.  Fine-scale analysis of 

subnetwork 1 is shown, illustrating differential acyl-deferrioxamine production in various interactions over 

time.  Note the proximity of subnetwork 1 to Deferrioxamine B.  Subnetworks 3 and 4 contain larger 

versions of DFOs, and sodium adducts respectively. C) Deferrioxamines are observable using IMS at Day 

5.  M/z 561 and 601 correspond to deferrioxamines B and E respectively.  M/z 701-785 are representative 

acyl-deferrioxamines.  Note the production of acyl-deferrioxamines by S. coelicolor in interactions where 

initiator strains do not make deferrioxamines B and/or E. D) Acyl-deferrioxamines diffuse away from S. 

coelicolor colonies in three dimensions.  The outermost to innermost layers (isosurfaces) correspond to 0.8, 

0.88, and 0.95% ion intensity.  
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was extended to include 94 nodes representing the acyl-deferrioxamines, a clear pattern of production was 

apparent; namely the Amycolatopsis sp. AA4 and S. sp. E14 interactions triggered robust acyl-

deferrioxamine synthesis even at day 3 (Fig. 4.5A).  In the case of the S. sp. E14 interaction, these 

molecules continued to be detected throughout the time course.  In contrast, in the Amycolatopsis sp. AA4 

interaction, the number of different acyl-deferrioxamine nodes was diminished on days five and seven, 

perhaps indicating uptake by the growing colony  Acyl-deferrioxamine production was observed starting at 

day 5 for the S. sp. SPB74 interaction, and at day 7 for the S. viridochromogenes, and S. albus interactions.  

These trends can be seen on a finer scale by examining the pattern of activity in different acyl- 

deferrioxamine sub-clusters within the spectral network, including sub-network a1 shown in Fig. 4.5B.  

Activity in sub-networks a2-4 also mirrors this pattern.   

We also examined the distribution of acyl-deferrioxamine production using IMS at day 5 (Fig. 

4.5C).  To serve as an internal control for the IMS experiments, an additional S. coelicolor colony was 

spotted 1cm away from the S. coelicolor colony that was directly adjacent to the initiator colony.  A subset 

of the acyl-deferrioxamines with m/zs ranging from 701-785 was readily detectable using this technique. 

Consistent with the activity within the nanoDESI spectral network, we saw production of the acyl-

deferrioxamines in the Amycolatopsis sp. AA4, S. sp. E14, and S. sp. SPB74 interactions.  Little or no acyl-

deferrioxamine production was seen in the S. viridochromogenes, and S. albus interactions, however, 

deferrioxamine E (m/z 601) was produced by both of the initiator strains. S. albus also produced a large 

amount of deferrioxamine B as well (m/z 561). The near colonies in the Amycolatopsis sp. AA4 and S. sp. 

E14 interactions showed the most acyl-deferrioxamine production, with molecules even being detected 

beyond the border of the colony in several cases in the Amycolatopsis sp. AA4 interaction. To further 

examine the distribution of the acyl-deferrioxamines, we used a newly-developed 3D MALDI-TOF IMS 

methodology
33

 (Fig. 4.5D). The resulting 3D renderings show that the representative acyl-deferrioxamines 

with m/z’s of 743 and 757 are distributed beyond the edge of the colony not only on the agar surface but 

below the producing colony as well.  Overall, these data imply that while the temporality and amount of 

acyl-deferrioxamine production varied among the interactions, all of the interactions eventually led to 

competition for iron.  Moreover, the acyl-deferrioxamines were especially abundant in the interactions with 
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the two strains that likely utilize siderophores other than deferrioxamine for iron acquisition (ie 

Amycolatopsis sp. AA4 and S. sp. E14).   

 

Siderophores from other strains trigger acyl-deferrioxamine production in S. coelicolor 

The apparent competition for iron induced in these interactions prompts the hypothesis that 

siderophores from initiator strains might locally decrease the iron available to S. coelicolor and thus 

stimulate acyl-deferrioxamine synthesis. Our previous work with Amycolatopsis sp. AA4 showed that it 

makes a unique siderophore, amychelin, which cannot be used by S. coelicolor
13,14

. Several amychelin 

analogues/adducts were observed in the spectral network as a sub-network associated with the  

 

Figure 4.6:  Acyl-DFO production by S. coelicolor is stimulated by nearby actinomycete. A) The 

actinomycete Amycolatopsis sp. AA4 produces the siderophore amychelin.  Adducts of amychelin are 

visible as an Amycolatopsis sp. AA4-associated subnetwork. B)  Five day IMS of S. coelicolor grown near 

wild-type Amycolatopsis sp. AA4 and a mutant lacking the gene amcG, which does not produce amychelin.  

Ion abundance is visualized as a heat map.  When grown near the ΔamcG strain, S. coelicolor produces 

much less acyl-deferrioxamine. 
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Amycolatopsis sp. AA4 interaction (Fig. 4.6A).  Amycolatopsis sp. AA4 strains with mutations in the amcG 

locus are unable to make amychelin
14

. To determine if amychelin might play a role in activating acyl-

deferrioxamine synthesis in S. coelicolor, we grew a colony of the Amycolatopsis sp. AA4 ΔamcG strain 

adjacent to S. coelicolor, and examined molecule production using IMS.  Production of four representative 

ions of the acyl-deferrioxamines are shown in Fig. 4.6B in interactions with both wild-type Amycolatopsis 

sp. AA4 and the ΔamcG strain.  Much less acyl-deferrioxamine, both in area and abundance, was produced 

by S. coelicolor in the interaction with the ΔamcG strain compared to the wild-type Amycolatopsis sp. AA4 

interaction.  This result confirms that iron competition caused by xenosiderophores can lead to induction of 

acyl-deferrioxamine biosynthesis in S. coelicolor. 

4.2.3. Conclusion 

In natural environments such as the soil, bacteria live surrounded by a multitude of other 

organisms, including other bacteria.  Actinomycetes, having numerous gene clusters for making complex 

secreted metabolites within their genomes, clearly have evolved many and diverse chemical means to affect 

nearby residents of the soils they inhabit
3,5

.  Humans have long been the beneficiaries of this evolutionary 

process, as the majority of natural products used clinically originate from actinomycete bacteria
1,4

.  

However, how actinomycetes deploy their arsenals of secondary metabolites in the presence of other 

species has remained largely mysterious.   

In this work, we used two mass spectrometry techniques, NanoDESI and MALDI-TOF imaging, 

to profile the chemical output from the actinomycete S. coelicolor in interactions with five other species of 

actinomyctes. Importantly, these complementary techniques allowed for interrogation of the secreted 

metabolites directly from the bacterial colonies.  The resulting datasets comprise the most comprehensive 

chemical view of a related set of microbial interactions to date.  The spectral network yielded by our 

analyses includes some 629 compounds.  Importantly, many of these molecules are of unknown identity.  

Surprisingly, we found that the set of compounds associated with S. coelicolor colonies varied dramatically 

from interaction to interaction, suggesting a largely specific response in each case (Figure 4.3).  Several 

interactions triggered production of an extended family of acyl-deferrioxamine siderophores, never before 

observed from S. coelicolor (Figure 4.4).  This illustrates that interspecies interactions can lead to 

unexpected biosynthetic shifts in secondary metabolic pathways. Together, these findings indicate that 
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during interspecies interactions, the chemical landscape exploited by actinomycetes is both vast and 

dynamic.  Moreover, the great number of unidentified metabolites present in these datasets hints that 

interspecies interactions may represent new path to accessing the rich chemical diversity encoded in 

actinomycete genomes. 

A large number (227) of compounds were differentially associated with S. coelicolor colonies 

across the five interactions.  Of these, 50% (114) are readily classified as related to known S. coelicolor 

metabolites, including the prodiginines, actinorhodins, coelichelins, and the newly observed acyl-

deferrioxamines.  S. coelicolor has many other gene clusters for uncharacterized metabolites
25

, some of 

which likely account for the many unknown compounds we detected. It is also possible that some of the 

compounds found exclusively associated with S. coelicolor colonies may have had precursors made by the 

initiator colonies that were later been modified directly or indirectly by S. coelicolor.  NanoDESI and IMS 

analyses of S. coelicolor strains with mutations in various gene clusters will be required to positively link 

the many unidentified compounds observed here with specific genes.  As such, our current work sets the 

stage and provides a solid foundation for future studies to characterize the currently cryptic secondary 

metabolome of this streptomycete, and many others like it. 

The family of deferrioxamines described here has fatty acid appendages ranging from seven to 

seventeen carbon units.  While several acyl-deferrioxamine versions have been found from at least two 

bacterial species
23,32

, the range of the acyl-deferrioxamines produced by S. coelicolor is unprecedented.  

Interestingly, both the promicroferrioxamines and the other known examples of acyl-deferrioxamines were 

isolated from actinobacteria sampled from intertidal habitats, initially suggesting that deferrioxamine 

acylation might be an adaptation to life in marine environments
23,32

.  Further reinforcing this notion, marine 

bacteria from diverse genera are known to produce suites of acylated siderophores 
34

 including the 

marinobactins
35

, aquachelins
35

, amphibactins
36

, ochrobactins
37

, and synechobactins
38

.  While a few other 

acylated siderophores are known from terrestrial bacteria
39-41

, the finding that S. coelicolor makes a very 

large suite of acylated deferrioxamines strongly suggests that the advantages associated with modulating 

siderophore solubility are not limited to marine environments.   

Siderophores with relatively long fatty acid tails, such as mycobactin T and the amphibactins (14-

21 carbons in length) have been found associated with cell membranes
36,42

, while siderophores such as 
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marinobactins and aquachelins with 12-16 carbons in their acyl chains are known to partition as micelles 

and vesicles into the aqueous environment
35

.  Other siderophores with acyl chain lengths of 10 carbons and 

less, such as rhizobactins and carboxymycobactins diffuse relatively freely
34,42

. Moreover, synthetic 

acylation of deferrioxamine B with appendages of up to 7 carbons in length was shown to alter their 

solubility and membrane permeability
43

. The range of acyl moieties found in the S. coelicolor 

deferrioxamines, from a single carbon in deferrioxamine B, three carbons in deferrioxamines E and G, and 

7-17 carbons for the new versions found here, encompasses the entire range of solubility. We note that 

versions of deferrioxamines with appendages ranging from C11 to C14 were clearly present beyond the 

edges and below S. coelicolor colonies (Fig. 4.5C and D, Amycolatopsis sp. AA4 interaction), possibly 

hinting that micelle-mediated iron acquisition may be occurring here.  We also observed that production of 

the acyl-deferrioxamines was largely stimulated by production of a competing siderophore by one of the 

initiatior strains (Fig. 4.6).  Together, these findings point to a remarkably diversified foraging strategy in 

the face of fierce competition for iron.   

The biosynthetic pathway for deferrioxamine is well documented
44,45

. The third step of the 

proposed pathway entails the acylation of N-hydroxycadaverine by the enzyme DesC to yield N-hydroxy-

N-succinyl-1,5-diaminopentane (hsDAP), three units of which then serve as building blocks for the final 

trimeric deferrioxamine structure. In organisms that make deferrioxamines B and G (including S. 

coelicolor), DesC is proposed to have relaxed substrate specificity, allowing it to incorporate acetyl-CoA or 

succinyl-CoA into deferrioxamine precursors
44

.  The acyl moieties found in place of the normal acetyl-CoA 

or succinyl-CoA additions suggest that the relaxed substrate specificity of S. coelicolor DesC may extend 

much further than originally thought, allowing it to incorporate these long acyl chains into the normal 

deferrioxamine biosynthetic pathway. 

The experimental framework utilized here yields datasets that afford unique opportunities for the 

discovery of natural products.  Indeed, the differential chemical output observed from S. coelicolor implies 

that this bacterium has great flexibility in the expression of its secondary metabolome.  While competition 

for iron provides a straightforward rationale for the induction of siderophore synthesis in S. coelicolor 

interactions with other actinomycetes, the physiological cues underlying the induction of antibiotics and 
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other metabolites remain to be elucidated.  Understanding the mechanisms of such interactions is of great 

interest as they may offer a new door to accessing ‘cryptic’ metabolites from other actinomycetes.   

 

4.2.4. Methods 

All experiments were done on ISP2 agar (10 g malt extract, 4 g glucose, 4 g yeast extract, 15 g 

agar, 1 L milli-Q H2O).  For all experiments, 10 ml of agar was added to standard 100mm petri plates to 

yield an agar surface ~2 mm thick, which is suitable for preparation for IMS.  Strains were inoculated onto 

agar in 1 μL aliquots from frozen spore suspensions.  S. coelicolor and the initiator strains were spotted 5 

mm apart at the same time.  For IMS experiments, a second colony of S. coelicolor was spotted 1 cm away 

from the first S. coelicolor colony to serve as an internal control.  Petri plates were incubated at 30°C until 

the given time points in large sealable bags to prevent desiccation.    

MALDI-TOF imaging mass spectrometry 

IMS was carried out as described previously
7,8

.  At the appropriate time point, colonies and the 

surrounding agar were cut and removed from Petri plates and transferred to Bruker MSP 96 anchor plates.  

The samples were then sprinkled with Universal MALDI Matrix (Fluka 50149) using a 20 μm sieve.  Once 

a thick, uniform layer of matix was deposited on the sample, it was placed at 37°C for 4 hours, or until it 

was completely desiccated.  Excess matrix was blown off with compressed air, and any residue remaining 

on exposed surfaces of the MALDI plate was wiped away with methanol.  Spectra were acquired using a 

Bruker Autoflex MALDI-TOF MS and ions were visualized using Fleximaging software. 

 

NanoDESI Mass Spectrometry 

NanoDESI mass spectrometry was carried out essentially as described elsewhere
4
.  The nanoDESI 

source was coupled to a Thermo LTQ-FT-ICR MS.  Briefly, at the desired time points, samples were 

placed on the NanoDESI sample stage, and the liquid bridge was placed in contact with the sample for 15 

min.  During this time, the liquid bridge was placed at several locations on the colonies themselves, and on 

the agar adjacent to the colonies located on the opposite side from the interacting strain.  All data were 

collected in the positive ion mode in the range of 100-2000 Da using solvent consisting of 65% acetonitrile 
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and 0.05% formic acid in water.  The data acquisition mode excluded ions for ten minutes once they had 

been trapped and fragmented three times. 

 

Computation of mass spectral networks 

Spectral networks were assembled largely as described
4
. MS2 spectra were clustered using the 

MS-cluster program to build consensus spectra for repeatedly observed ions
5
.  Pairs of consensus spectra 

were aligned if both spectra fell within the top 10 alignments for each of the respective spectra and the 

cosine of their peak match scores was ≥0.6.  The algorithms assumed a peak mass tolerance of 1.0 Da and 

an MS2 peak tolerance of 0.5 Da.  The networks were visualized in Cytoscape
6
, where consensus spectra 

are represented as nodes connected by edges to aligning nodes.  In order to maximize chemical/biological 

interpretability, nodes found in several control datasets were removed.  These included nodes found 

associated with the solvent, the agar substrate, and S. coelicolor colonies grown in isolation at 3,5, and 7 

days.  Finally, only nodes that were reproducible in both runs of data collection were retained.  

 

4.3. Identification of active compounds in cystic fibrosis derived co-cultures 

4.3.1. Introduction 

In nature, most microbes exist as part of a larger biological community consisting of many 

microbial neighbors as well as host organisms. With each microbial component of these communities 

typically capable of generating metabolic exchange factors affecting the local environment, the chemo- and 

phenotypic development of neighboring organisms is constantly being influenced. First observed by 

Alexander Fleming after an inadvertent fungal contamination of Staphylococcus aureus in a Petri dish that 

resulted in inhibition of the pathogen by penicillin, it is now common knowledge that microbes can utilize 

their arsenal of unique metabolic exchange factors to affect the composition of their surrounding 

environment
46-49

. Such metabolic exchange factors enable the creation of unique biological niches and 

affect microbial multicellular behavior, community behavior and colony development
49

. Therefore, it is 

important to study microbial interactions not only to gain greater insight into their role in a larger microbial 

consortium, but to also observe how production of metabolic exchange factors triggered by competing 

neighboring organisms direct these microbial interactions.  
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Agar-based culturing techniques have been employed to discover pharmacotherapies, develop 

biofuels and are used for disease diagnostics. Despite the central role of microbial culturing in academia, 

biotechnology and clinical microbiology, non-microscopy based analytical approaches for monitoring the 

production of metabolic exchange factors directly on solid growth media have seen little advancement 

since Julius Petri developed the Petri dish
50

. Recently, we developed a two-dimensional (2D) agar-based 

matrix assisted laser desorption ionization (MALDI) time-of-flight (TOF) imaging mass spectrometry 

(IMS) technique for detection of microbial metabolites directly from colonies grown on solid media
51

. 

While MALDI-TOF IMS has traditionally been heavily utilized in histopathology of tissue sections
52-54

, our 

modification of MALDI-TOF IMS allows for chemical characterization of individual and interacting
51,55,56

. 

This technique has enabled a two-dimensional top-down view of the chemical make-up from numerous 

microbial systems in a spatial manner allowing chemical characterization of observed phenotypes.  

While 2D MALDI-TOF IMS of microbes is capable of revealing tens to thousands of discreet 

chemical signals in a spatial manner from the sample surface, the limited overhead perspective of the 

analysis obscures information regarding the depth profile of secreted metabolites throughout the agar 

medium. Such information could lead to better characterization of a microbial system since the ability of 

secreted compounds to penetrate and diffuse through the agar medium will determine the capacity in which 

these compounds are capable of influencing neighboring bacteria. Within the field of biology, three-

dimensional IMS has been used to determine molecular distributions within mammalian tissue and has 

been correlated with other 3D imaging data such as magnetic resonance imaging (MRI) to provide a more 

complete picture of the chemical environment within the organ
53,57,58

. Herein, we describe an adaptation of 

3D MALDI-TOF IMS for capturing the multiplexed molecular nature of developing microbial colonies and 

the chemical interplay of microbial interactions.   

To illustrate the utility of this method, we describe 3D MALDI-TOF IMS of Candida albicans, an 

opportunistic fungal pathogen that produces an extensive array of vegetative hyphae that burrow deep into 

the agar.  Many microbes produce extensive arrays of sub-surface vegetative hyphae for a wide variety of 

purposes
59,60

. As the local chemical environment within this sub-surface structure may influence its 

behavior, such as chemotaxis
61,62

 or filament differentiation
63

, elucidating the localized chemical output 

within the hyphae may provide valuable insight into its biology. In agar-based phenotypic experiments, 
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these vegetative hyphae burrow deep into the agar
64,65

 and have been shown to play a role in the well-

investigated microbial interaction of C. albicans with Pseudomonas aeruginosa
66-68

. As the limited 

overhead perspective of traditional 2D MALDI-TOF IMS would not be able to fully observe molecular 

distributions within this subsurface structure, we employed 3D modeling to determine if unique molecular 

distributions were in fact present within the vegetative hyphae and if compounds secreted by P. aeruginosa 

could inhibit their proliferation.  

 

4.3.2. Results and Discussion 

To investigate if specific chemical localizations within the embedded hyphae of C. albicans could 

be observed, we compared MALDI-TOF IMS data collected from a single C. albicans ySN250 colony 

using a traditional overhead perspective MALDI-TOF IMS (Figure 4.7a-1) with a 2D MALDI-TOF image 

of a single 1.0 mm cross sectional slice through the center of a similar C. albicans colony (Figure 4.7a-II). 

Visually, colonies of C. albicans grown on 1.5 mm and 8 mm deep agar media appeared very similar with 

the colony consisting of a raised solid white circular center (roughly 8 mm across) and an off-white outer 

ring caused by horizontally growing embedded hyphae. While the structure of the embedded hyphae was 

slightly obscured in the 1.5 mm sample due to the hyphae extending to the bottom of the Petri plate, the 

sample grown on deep agar showed a semi-spherical growth pattern for the hyphae (Figure 4.7a-II,III). 

Comparison of the two data sets shows that while many of the signals detected in the overhead 2D 

MALDI-TOF image are also present in the image of the cross sectional slice, their distributions were 

drastically different (Figure 4.7a-I,II). For instance, the mass signals at m/z 183 and 291 showed similar 

signal distributions in the overhead image while the cross sectional image showed that m/z 183 exhibits an 

even distribution across the embedded hyphae while m/z 291 is present only directly beneath the outer edge 

of the colony. Other signals were only observed in the cross sectional image due to their localization being 

exclusively beneath the agar surface, such as m/z 412 whose signal was only observed at the far edges of 

the hyphae (Figure 4.7a-II). When 3D modeling of the MALDI-TOF IMS data was performed (Figure4.7a-

III), the distributions observed in the cross sectional slice (Figure 4.7a-II) were explained with 3D models 

of m/z 183 showing an even distribution throughout the hyphae, m/z 291 forming a ring shaped 
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Figure 4.7: 3D MALDI IMS of P. aeruginosa PAO1 versus C. albicans ySN250. a) Comparison of 2D 

and 3D positive-mode MALDI-TOF IMS of individual colonies of Candida albicans (positive ion mode). 

Ion intensity for a-1 and a-2 is visualized using gradient color map where blue indicates low signal intensity 

and red indicates high signal intensity. a-1) 2D MALDI-TOF overhead image of a single colony of C. 

albicans. Note that the rings in the optical image are from the MALDI target plate. a-2) 2D MALDI-TOF 

image of a single cross section of a C. albicans colony grown of 8 mm thick nutrient limited ISP2 agar 

media. a-3) 3D MALDI-TOF image of a single colony of C. albicans grown on 8mm thick nutrient limited 

agar. b-d) 3D MALDI-TOF IMS of interacting colonies of C. albicans ySN250 and P. aeruginosa PAO1 

grown on 8mm thick nutrient limited agar. b) The 3D models of P. aeruginosa PAO1 alone (left column), 

P. aeruginosa PAO1 interacting with C. albicans ySN250 (middle column) and C. albicans ySN250 alone 

(right column). Ion intensities in the control colonies were normalized to the signal from the interacting 

colonies. c) Overlay of the 3D MALDI images of the rhamnolipid at m/z 701 from P. aeruginosa (green) 

with m/z 183 from C. albicans (blue) with the optical image of the interacting colonies. d) Overlay of the 

3D MALDI images of PQS from P. aeruginosa (yellow) with m/z 257 from C. albicans (red) with the 

optical image of the interacting colonies. 
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distribution directly beneath the outer edge of the colony and m/z 412 being present only in the far reaches 

of the hyphae.  

As the chemical distribution of specific compounds within the vegetative hyphae of C. albicans 

may play a role in its interactions with other microbes, we set out to study the interaction between C. 

albicans and Pseudomonas aeruginosa, an opportunistic pathogen commonly co-isolated with C. albicans 

from lung sputum of immunocompromised individuals
71

 including cystic fibrosis patients
65,72

. The visual 

phenotype of the interaction was consistent with published data where embedded hyphae formation in C. 

albicans was inhibited at the colony interface by P. aeruginosa as well as the C. albicans colony producing 

a yellowish-brown pigment
73

.  

The resulting data showed that while many molecules remained unaffected by the presence of the 

competing microbe, other signals, such as m/z 183, were inhibited in the region of interaction (Fig. 4.7b-c). 

Additional signals, such as m/z 257 from C. albicans, were clearly more abundant when challenged with a 

competing bacterium (Fig. 4.7b). Surprisingly, the pseudomonas quorum signal (PQS) at m/z 259 from P. 

aeruginosa, which controls production of many metabolites within P. aeruginosa
74

, did not show increased 

production in the area of interaction with C. albicans (Fig. 4.7b/d). Several signals, however, did show 

increased intensity in the region of interaction between the two colonies and could be associated with a 

family of compounds secreted by P. aeruginosa.  The most prominent of these signals were observed at m/z 

673, 699 and 701 (Fig. 4.7b-d and Fig. 4.8) with additional signals also observed.  

This increased production and location hinted that these signals may possibly play a role in the 

alteration of the C. albicans hyphae. Therefore, these molecules were isolated and structurally 

characterized by high resolution FT-ICR MS/MS and NMR (Supplementary Figures 4S1-4S6 and 

Supplementary Table 4S1). This analysis confirmed that these signals belong to the rhamnolipid class of 

metabolites (Fig. 4.8b)
75

. To determine the approximate concentration of rhamnolipids present in the agar 

during the interaction with C. albicans, an additional three samples were prepared and analyzed 

simultaneously on a single MALDI target plate: a 1 mm thick cross-sectional slice taken from the center of 

an interaction identical to Figure 4.7b (Fig. 4.8c), a 1 mm thick cross-sectional slice taken from the center 

of an interaction between C. albicans and a filter disc containing 200 g of purified rhamnolipid at m/z 701 

(Fig. 4.8d), and lastly a series of known amounts of rhamnolipid (m/z 701) deposited directly on a 1 mm 
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thick slice of blank agar (Fig. 4.8e). Previously, we have used a similar approach to estimate the 

concentration of surfactin produced by B. subtilis while others have estimated concentrations of antibiotics 

from ants
76,77

. Using this approach, we estimated that the amount of the m/z 701 rhamnolipid, at its highest 

concentration in the interaction region, is approximately 16 μg/mL. As expected, no effect was observed 

when PQS was tested in a similar manner (Fig. 4.8a). This confirmed that the rhamnolipid class of 

molecules is capable of inhibiting growth of the vegetative hyphae of C. albicans at the same amounts 

found in the agar of the interaction (Fig. 4.7b and 4.8). We obtained similar results for all three purified 

rhamnolipids (m/z 673, 699, 701) that were tested (Fig. 4.8a). 

 

 

Figure 4.8: The effect of Pseudomonas metabolites on C. albicans vegetative hyphae. a) Bioassay of 

purified rhamnolipids (70 g for m/z 701 and 699; 68 g for m/z 673) and PQS (26 g) on individual 

colonies of C. albicans on 1 mm thick agar plates. The red arrow points to the filter paper disc while the 

blue arrow points to the vegetative hyphae. b) Structure of the rhamnolipids detected and PQS tested in the 

bioassay in a. c-e) To determine the concentration of the rhamnolipid (m/z 701) present in the interaction, a 

replicate interaction between P. aeruginosa and C. albicans was prepared where a single cross-sectional 

slice was imaged using 2-D MALDI-TOF imaging alongside a blank section of agar spotted with known 

concentrations of m/z 701. All three data sets in c, d and e were collected on one MALDI plate in a single 

run and thus the instrument parameters were identical and the relative intensities can be directly compared. 

c) A cross-sectional overview of the concentration of the rhamnolipid at m/z 701 when P. aeruginosa is 

spotted adjacent to C. albicans. d) A cross-sectional overview of the m/z 701 ion distribution when 200 g 

of purified material was deposited on a filter disc and placed next to C. albicans, which was determined by 

IMS to diffuse to similar concentrations in the agar as per the interaction of the P. aeruginosa in the 3D 

assay (8 mm agar plates) as determined in c. e) Estimation of the local concentration of rhamnolipid in the 

interactions. It was determined that the highest local rhamnolipid concentration (m/z 701) within the colony 

was roughly equivalent to the 0.2 μg spot when taken in account the diameter of the spot after diffusion (~4 

mm) this represents an estimated 16 μg/ml concentration (Fig. 4.7b-c).  
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4.3.3. Conclusion 

Multicellular behavior of microbes and interspecies interactions on solid media is mainly dictated 

by metabolic exchange factors and nutrient availability in the growth media
49

. MALDI-TOF IMS of serial 

sections followed by 3D rendering allows for visualization of metabolic exchange factors produced by 

microbes within the agar in 3D which dictate colony and community behavior. As biology is inherently 

three-dimensional, mapping the molecular distributions of all metabolic exchange factors in 3D is likely to 

better reveal a link between chemotypes and phenotypes as well as provide a more complete image of the 

true chemical makeup of the biological system
78

. While performing 3D IMS analysis on tissue samples can 

prove difficult and very time intensive due to the expertise and instrument time required to precisely 

prepare and analyze each tissue section
79-81

, the method presented here has proven to be fast and 

reproducible allowing for 3D analysis of a single sample (from sectioning to 3D modeling) to be completed 

within a single day. With matrix application using the test sieve being very reproducible, virtual alignment 

of each cross section simplified due to each slice having the same size and shape, and with mass signals 

spanning several sequential cross sections (due to the secreted nature of most microbial metabolites) 

providing a good metric of data quality, we have found this method to be a reliable way to gain further 

insight into the unique chemical environments beneath the agar surface. Lastly, while the larger agar 

volume does lead to more diffuse signal, imaging the agar in a cross-sectional manner as opposed to the 

colony itself results in lower pixel-to-pixel variability due to reduced variation in surface morphology and 

more consistent matrix crystallization. Direct imaging of the intact colonies can yield imaging artifacts, 

such as lack of signal from areas of the colonies covered in aerial hyphae due to lack of matrix adherence
70

. 

The ability to observe the diffusion of metabolites within the local agar environment, as opposed 

to just on the surface, becomes incredibly important when studying microbial systems (especially 

pathogens) that develop sub-surface structures. One example is a native member of the human mucosal 

biofilm community, Candida albicans. This opportunistic fungal pathogen is responsible for superficial and 

systemic infections in immunocompromised patients
71

. While the human immune system is partially 

responsible for controlling C. albicans infections, microbes commonly co-isolated from patients suffering 

from such infections have been shown to produce metabolites capable of modulating C. albicans 

virulence
66,82

. As one such organism, Pseudomonas aeruginosa uses a variety of physical and chemical 
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methods to limit the growth of C. albicans
73,83

. It attaches exclusively to the hyphal germ tubes of C. 

albicans and secretes several virulence factors, including 3-oxo-C12 homoserine lactone and pyocyanin, to 

inhibit growth of C. albicans
66

. In response to this attack, C. albicans reverts back to its yeast state and 

therefore eliminates the ability of P. aeruginosa to adhere to the C. albicans colony.  

As the interaction between C. albicans and P. aeruginosa occurs almost exclusively beneath the 

surface of the media within the vegetative hyphae of the C. albicans colony, we showed that 3D MALDI-

TOF IMS was capable of capturing unique chemical distributions within this sub-surface structure as well 

as to pinpoint molecules that had a putative role in inhibiting hyphae formation in C. albicans (Fig. 4.7 and 

4.8). While many of these compounds are currently unknown, knowledge of their spatial distributions helps 

provide insight into their possible functions with ions, such as m/z 412 possibly being involved in hyphae 

elongation due to its localization to the outer edge of the hyphae. When analyzing the interaction between 

C. albicans and P. aeruginosa, we showed that the presence of P. aeruginosa was able to modulate certain 

chemical signals within the C. albicans hyphae (Fig. 4.7b-d). By using the 3D models to pinpoint signals 

intensified in P. aeruginosa at the colony interface, we were able to rapidly identify that a major 

contributor to this chemical modulation were a family of rhamnolipids (Fig. 4.7b,c and Fig. 4.8). 

Rhamnolipids have been reported to have antifungal activity against zoosporic plant pathogens and play a 

role in allowing P. aeruginosa to inhibit growth of certain bacteria
75,84

. By isolating and purifying these 

compounds, we were able to confirm the ability of rhamnolipids to inhibit hyphae formation in C. albicans 

at relatively low concentrations (Fig. 4.8c-e). 

Collectively, we have demonstrated that the expansion of 2D MALDI-TOF imaging mass 

spectrometry into 3D for microbial analysis provides valuable additional information regarding the spatial 

distribution of metabolic exchange factors of microbes cultured in Petri dishes. Imaging mass spectrometry 

offers the unique vantage point that enables spatially resolved biochemical analysis and correlates the 

chemistry in a spatial manner with the corresponding phenotypes. In turn, 3D MALDI-TOF IMS enables 

the formulation of novel hypotheses regarding the biological implications of certain mass signatures based 

on their distribution within the 3D model from the biological sample as we demonstrated with the roles of 

rhamnolipids in the interaction between C. albicans and P. aeruginosa. The increased production of the 

rhamnolipids and its localization in the region where the vegetative hyphae were decreased was revealed by 
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3D MALDI-TOF IMS enabling us to demonstrate that the rhamnolipids contributed to this phenotype. This 

information can be used to better understand the fundamental dynamics of microbial molecular encounters 

by allowing us to determine the origin, identity and assign a purpose of each signal.  

 

4.3.4. Methods 

Culturing of bacteria and fungi 

Starter cultures for Pseudomonas aeruginosa PAO1 and Candida albicans ySN250 were prepared 

by inoculating 3 mL of LB liquid media (Fisher Scientific) from a 20% glycerol cell stock and incubating 

at 28°C until an OD600 of 0.5 was obtained (12-20 hours of incubation). All samples to be analyzed using 

3D MALDI-TOF IMS were grown on 8mm thick nutrient limited ISP-2 agar prepared by combining 15 g 

agar (Sigma-Aldrich), 1 g yeast extract (Sigma-Aldrich), 1g dextrose (Fisher Scientific) and 1.5 g malt 

extract (Sigma-Aldrich) in 1 L of Milli-Q grade water followed by sterilization via autoclave. While 

growing the microbes on deep agar allowed for better molecular images of secreted metabolites within the 

agar, the media needed to be optimized in order to maintain the phenotype observed under normal growth 

conditions. Since the amount of agar media used when culturing 3D samples is five times greater than what 

is typically used for 2D samples
51

, we found that using 1/5
th
 the amount of nutrients in the media allowed 

for a phenotype and colony size consistent with what we have previously reported
51,69

. 

For C. albicans ySN250 versus P. aeruginosa PAO1 interactions, two 0.5 L aliquots of the C. 

albicans starter culture were inoculated roughly 10 mm apart and allowed to grow for 48 hours at 30°C 

after which two 0.5 L aliquots of the P. aeruginosa starter culture were inoculated in line with the two C. 

albicans colonies with one aliquot 2 mm from one of the C. albicans colonies and the second aliquot 

roughly 10 mm from the first P. aeruginosa aliquot. After an additional 4 days of incubation at 30°C, 

samples were prepared for MALDI IMS experiments. Single control colonies for C. albicans and P. 

aeruginosa were prepared similarly where single 0.5 L inoculates were grown separately for 6 and 4 days, 

respectively. 

 

Sample preparation protocol for 2D MALDI-TOF IMS 
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A single colony of C. albicans ySN250 was prepared by inoculating 0.5 L of starter culture onto 

1.5 mm deep ISP2 nutrient agar, which was prepared by combining 15 g agar (Sigma-Aldrich), 5 g yeast 

extract (Sigma-Aldrich), 5 g dextrose (Fisher Scientific) and 7.5 g malt extract (Sigma-Aldrich) in 1 L of 

Milli-Q grade water followed by sterilization via autoclave. The reason the sample for 2D MALDI-TOF 

IMS was grown on 1.5 mm deep agar as opposed to the 8 mm deep agar used for 3D MALDI-TOF IMS 

analysis is due to signal intensity being optimal at this agar depth (this is also why serial cross sections 

from samples prepared for 3D analysis were cut at 1 mm thickness). As the agar becomes deeper there is a 

steep decline in overall signal intensity and eventually the sample becomes too tall to fit into the 

instrument, which has a <1 mm vertical clearance. The sample was allowed to grow for 6 days at 30°C at 

which time the agar was excised and transferred directly to a MALDI target plate followed by immediate 

deposition of Universal MALDI matrix (Sigma-Aldrich) using a 53 m test sieve (Hogentogler & Co). 

Universal MALDI matrix is a 1:1 mixture of 2,5-dihydroxybenoic acid and -cyano-4-hydroxy-cinnamic 

acid matrices. The sample was dried for 5 hours at 37°C after which excess matrix was removed using 

compressed air and immediately imaged in linear positive mode from m/z 50-5000 using a Bruker Autoflex 

Speed MALDI mass spectrometry at 400x400 m spatial resolution with 200 shots per raster location using 

Random Walk shot pattern. Data was collected and analyzed using flexControl (Version 3.0) and 

flexImaging (Version 2.0) software. Calibration was done prior to the imaging run using Bruker Pepmix4 

calibration standard. 

 

Sample preparation protocol for 3D MALDI-TOF IMS 

A 15 mm x 35 mm x 8 mm section of agar was excised from the Petri plate and placed colony-side 

down on a homemade slicing instrument (Figure 2.12). The excised agar was cut width-wise at room 

temperature using microtome blades into 1.0 mm sections with each section placed on its side on a stainless 

steel MALDI target plate. The MALDI targets used allowed for a maximum of 6 sections per plate. To 

ensure that cellular material from the colony was not distributed throughout the surface of each slice during 

sectioning, each sample was inverted before it was sectioned so that the samples were cut from the bottom 

of the agar down through to the surface of the agar. Once the desired sample area was sectioned, Universal 

MALDI matrix (Sigma-Aldrich) was immediately deposited using a 53 m test sieve (Hogentogler & Co).  
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Samples were dried for 3 hours at 37°C; however, microbes producing high amounts of viscous 

metabolites, such as Candida albicans, required up to 5 hours to dry. The drying process reduces sample 

thickness of each slice from 1.0 mm to about 100 μm
70

. After drying, excess matrix was removed using 

compressed air and immediately imaged in quick succession using the same instrument parameters as 

previously stated for the 2D MALDI IMS experiments.  

 

Generation of 3D models from MALDI-TOF IMS data 

See Chapter 2.6 

 

Preparation for tandem mass spectrometry analysis 

Tandem mass spectrometry experiments were performed on a Thermo LTQ-FT mass spectrometer 

equipped with Nanomate and nanoDESI electrospray sources
69

. Microbial colonies were grown identically 

to samples that were analyzed by MALDI-TOF IMS and subjected to liquid surface extraction followed by 

direct infusion. A solvent of Methanol:0.1% formic acid (70:30, v/v) was used to perform the extraction. 

Electrospray parameters included a spray voltage of 2 kV, heated inlet temperature of 200°C, nebulizing 

gas pressure of 40 psi (for Nanomate), collision-induced dissociation (CID) energy of 25 v and collision 

time of 500 ms. Tandem mass spectra were annotated by hand and compared with standard MS
2
 spectra. 

 

Purification of rhamnolipids 

Pseudomonas aeruginosa PAO1 was inoculated across 50 ISP2 agar plates by 5 parallel streaks on 

each plate and were incubated for 4 days at 30 °C. The agar was sliced into small pieces and extracted by 

immersing the agar pieces in 150 mL of ethyl acetate and shaking for 12 hours at 30 °C. The clear ethyl 

acetate layer was taken and the solvent removed using a rotor-vaporator (Buchner). The dried crude 

material was re-dissolved in 2 mL of ethyl acetate and fractionated via a Sephadex LH-20 gel filtration 

column using a mobile phase of methanol/ethyl acetate (2:1, v/v) at a flow rate of 0.5 mL/min. Each 

fraction (0.5 ml) was analyzed by MALDI-TOF MS and the fractions containing rhamnolipids (m/z 673, 

699, and 701) were collected and further purified by HPLC. Compounds were eluted from a Phenomenex 

Luna C18 (250 x 4.6 mm) column using a solvent gradient running from 50% solvent A to 95% solvent A 
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over 30 minutes with flow rate 2 mL/min while collecting 1 mL fractions using an automated fraction 

collector. Solvent A was H2O containing 0.1% TFA and solvent B is acetonitrile containing 0.1% TFA. 

Fractions containing purified rhamnolipids were lyophilized and stored at -20ºC before using for bioassay 

and structural elucidation. The yields were approximately 200, 30, and 20 µg per plate for rhamnolipids m/z 

673, 699, and 701, respectively. See supporting figures for MS and NMR spectra. 

Preparation for NMR analysis 

500 μg of rhamnolipids m/z 673, 699, and 701 were dissolved in 40 μL of CD3OD for NMR data 

acquisition. NMR spectra were recorded on a Bruker Avance III 600 MHz spectrometer with 1.7 mm 

Micro-CryoProbe at 298 K, with standard pulse sequences provided by Bruker. Structures were confirmed 

by analysis of 1D proton, 2D DQF-COSY, 2D 
1
H-

13
C HSQC and 2D 

1
H-

13
C HMC spectra. 2D 

1
H-

13
C 

HMBC spectra were recorded with delays corresponding to 
2
J or 

3
J H-C coupling constants of 8 Hz and 

1
J 

H-C coupling constants of 145 Hz. 2D 
1
H-

13
C multiplicity edited HSQC spectra were recorded with delays 

corresponding to 
1
J H-C coupling constants of 140 Hz.  Spectra were referenced to the methanol methyl 

resonance at 3.31ppm.  

 

4.4. Identification and structural characterization of anti-fungal bacterial metabolites from disease-

suppressive soils 

4.4.1. Introduction 

Maintaining a stable agricultural infrastructure has always been necessary to sustain human 

survival. Today, agriculture is a multi-trillion dollar a year industry that composes roughly 6% of the global 

economy
85

. The importance of agriculture has also fueled massive amounts of research into making it more 

efficient. Continued development of new crop cultivation tactics, fertilizers, pesticides and genetically 

modified plants are helping to make farming more efficient by in part helping to reduce the occurrence of 

pathogen outbreak within crops. However, concern over the environmental and human health impact of 

using synthetic compounds in fertilizers and pesticides has lead to a growing market for all natural 

solutions to agricultural disease control.  
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 While the vast majority of food crops rely on pesticides to protect against pathogen invasion, there 

are farmers in certain parts of the globe that are able to grow a variety of crops without pesticides despite 

the fact that plant pathogenic fungi are present in the soil. For example, potatoes cultivated in a small, 

single field at the Agricultural Consulting Services in Qaqortoq for almost 50 years showed no severe 

incidence of diseases like potato late blight (Kenneth Høegh, personal communication). One possible 

explanation is that the soils are disease-suppressive, i.e. they contain beneficial microbes that positively 

affect the growth and health of plants
86,87

. Suppressive soils have been described from several parts of the 

world, including Fusarium wilt-suppressive soils from Chateaurenard (France) and the Salinas Valley 

(USA), potato scab-suppressive soils from Washington (USA) and suppressive sugar beet soils (The 

Netherlands)
87,88

. The beneficial microorganisms responsible for suppression of fungal growth, so-called 

biological control agents (BCAs), have been discovered within several bacterial genera, e.g. Bacillus, 

Alcaligenes, Burkholderia, Agrobacterium, and Pseudomonas
86-89

. Of these, fluorescent pseudomonads 

have been investigated in the greatest detail  and antifungal compounds including phenazines, pyoluteorin, 

phloroglucinols, pyrrolnitrin, hydrogen cyanide (HCN) and non-ribosomal peptides (NRPs) have been 

identified
90

. 

 Herein, we show that through the use of nanoDESI mass spectrometry and mass spectral 

molecular networking, we were able to identify and structurally elucidate multiple anti-fungal compounds 

produced by pseudomonads isolated from disease-suppressive soil. The first of these bacteria, 

Pseudomonas sp. SH-C52, was isolated from The Netherlands where it was able to protect sugar beets from 

fungal invasion by the pathogen Rhizoctonia solani while the second bacterium, Pseudomonas fluorescens 

In5, was isolated from a farm in Inneruulalik, South Greenland where it was able to protect potatoes from 

fungal invasion also by the pathogen Rhizoctonia solani. 

 

4.4.2. Results and Discussion 

Recent metagenomic analyses of the rhizosphere microbiome showed that specific members of 

Pseudomonadaceae were identified as key players in the natural protection of plants against specific fungal 

root pathogens
88,91

. Bioassays followed by genetic analyses revealed that the antifungal activity of 

Pseudomonas sp. strain SH-C52 and Pseudomonas fluorescens In5 were mediated by similar putative 9-
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amino acid lipopeptides designated thanamycin and nunamycin, respectively
88,91

. Despite significant time 

and efforts, the investigators were not able to detect these novel compound by traditional biochemical 

assays. To demonstrate the capacity of the tools described here, live colony analysis by nanoDESI mass 

spectrometry coupled with molecular networking were employed to detect thanamycin and nunamycin by 

comparing the wild type strains to mutants that have disruptions in the NRPS gene cluster that encodes the 

metabolites and therefore were not able to inhibit growth of the fungal pathogen Rhizoctonia solani. The 

SH-C52 mutant was disrupted in the nonribosomal peptide synthetase (NRPS) gene thaB while the In5 

mutant was disrupted in the nonribosomal peptide synthetase (NRPS) gene nunE (Figure 4.10).  

Analysis was initially carried out by performing data dependent tandem mass spectrometry directly from 

the colony surface of each bacterium using the nanoDESI ionization source to obtain a complete catalog of 

ionizable compounds present on the bacterial surface. The resulting data for the wild type and mutant 

strains were loaded into two separate molecular networks (one for SH-C52 and one for In5) where the 

networks were simplified by removal of all masses that were common between the wild type and mutant 

strains (Figure 4.9A). The remaining signals in the network belonged to compounds produced solely by the 

mutant or wild type strain. These signals were then subjected to peptidogenomics, an approach that matches 

peptidic natural products to their genetic signatures, including molecules that are made via the non-

ribosomal peptide synthetase paradigm.
94

 Peptidogenomic analysis revealed that the clusters containing m/z 

646 [M+2H]
2+ 

from SH-C52 and m/z 569 [M+2H]
2+

 from In5 were both mono-chlorinated.
94

 In particular, 

the mono-chlorination is evident by the 24% contribution of intensity in the +2 Da isotope of Cl
37

 that is 

consistent with mono-chlorinated molecules (Figure 4.9B, inset), which was also observed in the isotopic 

patterns in the fragmentation data (See Figure S36 in Chapter 3). The chlorination is consistent with the 

non-heme dependent halogenase found in the thanamycin and nunamycin gene clusters which itself 

exhibits high sequence similarity to the syringomycin biosynthetic pathway from the plant pathogen 

Pseudomonas syringae pv. Syringae
95,96

 suggesting that thanamycin and nunamycin belong to the 

syringomycin family of antifungal agents (Figure 4.10). Annotation of both the MS
2
 and MS

3 
data for 

thanamycin and nunamycin showed that they both contained a chlorinated threonine followed by a 

hydroxyaspartate and a dehydrobutyrate (Figure 4.11), which is also consistent with the structure of 

syringomycin (Figure 4.11).
95-98  
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Figure 4.9: The characterization of thanamycin and nunamycin from live colony analysis A) The 

comparative molecular network of wild type (WT) strains SH-C52 and In5 and two mutants, disrupted in 

thaB and nunE. Red = only found in WT and green = only found in the mutant. B) Overlay of the MS
1
 

spectra from SH-C52 wild type and mutant strains. Red spectral inset shows singly and doubly protonated 

forms of thanamycin C) MS
2
 spectrum of the doubly protonated thanamycin ion and annotated sequence 

tag for thanamycin. Signals with “*” display the chlorination isotopic signature while signals with “#” do 

not display this feature. D) MS
3
 confirmation of the thanamycin signal and its sequence tag. Data similar to 

B-D was collected for the doubly protonated species of nunamycin. 

 

 Further annotation of the tandem mass spectra extended this sequence tag to include a threonine, 

histidine, homoserine, aspartate and a serine for thanamycin and a threonine, diaminobutyrate, homoserine, 

glycine and serine for nunamycin, which are both consistent with the predictions for the adenylation 
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Figure 4.10: Comparison of the syringomycin, thanamycin and nunamycin gene clusters and the 

corresponding “best” predictions of the adenylation domain specificity according to the Stachelhaus 

rules.
92,93

 The domains described are as follows: T=thiolation domain, A=adenylation domain, 

Cl=halogenase, TE= thioesterase domain. The (*) indicates a possible missing A-domain in the nunamycin 

gene cluster due to errors in sequencing.   

 

domain specificities of their respective gene clusters.
93,98

 Interestingly, both thanamycin and nunamycin 

exhibited a mass shift following the serine residue that could not be correlated to known neutral losses for 

amino acids. The observed neutral losses, 116.0585 Da for nunamycin and 130.0742 Da for thanamycin, 

may however correspond to losses of hydroxylated forms of diaminobutyrate and ornithine, respectively. 

This theory is supported by the presence of a flavin-dependent monooxygenase enzyme near the gene 

cluster, an enzyme typically responsible to hydroxylation of lysine residues, as well as the fact that the 

ornithine and diaminobutyrate residues are predicted by the adenylation domains at these positions for 

thanamycin and nunamycin, respectively (Figure 4.10). 

 

Figure 4.11: Comparison of syringomycin, thanamycin and nunamycin structures, which are 

consistent with the observed tandem mass spectrometry data. The portions of the structures in red indicate 

regions that need to be confirmed by NMR experiments. 

 

Lastly, to confirm the identity of these signals as antifungal metabolites, a small amount of 

thanamycin was purified and spotted in series on sterile filter discs, which were then placed near a growing 

colony of Rhizoctonia solani (Figure 4.12). The resulting phenotype showed that purified thanamycin was 
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able to clearly inhibit growth of R. solani when as little as 1g was spotted on a filter. Confirmation of 

these putative structures is currently ongoing through the use of 2D NMR spectroscopy. 

In conclusion, comparison of the molecular networks of the wild type SH-C52 and In5 strains and 

their respective mutants followed by peptidogenomic analysis allowed us to confirm that we had detected 

the thanamycin and nunamycin molecules which, despite application of several different cultivation and 

extraction procedures, eluded detection by traditional approaches. A possible reason why thanamycin and 

nunamycin were initially missed by conventional approaches was because both are produced transiently, in 

low quantities, and only when grown at low temperatures compared to the rest of the molecules observed in 

the sample. The discovery of thanamycin and nunamycin was made possible by employing nanoDESI 

techniques and this exemplifies that our methodology allows for detecting the needle in the haystack. 

 

Figure 4.12: Comparison of inhibitory activity of purified thanamycin and the wild type strain. A) 

Purified thanamycin from Pseudomonas sp. SH-C52 was spotted in increasing concentrations on sterile 

filter discs. These discs were placed around the perimeter of a growing colony of the plant pathogen 

Rhizoctonia solani. Growth inhibition of R. solani could be seen at 1mg of spotted material. B) Co-cultures 

of Pseudomonas sp. SH-C52 (wild type on left and thaB mutant on right) and R. solani. Growth inhibition 

from the wild type SH-C52 strain is comparable to inhibition seen from purified thanamycin in Figure 

4.12A. 

 

4.4.3. Methods 

Growth of bacterial strains 

 Colonies of Pseudomonas sp. strain SH-C52 and Pseudomonas fluorescens In5 were prepared by 

inoculating 1 L of cell stock into 4 mL of LB broth and incubating at 28°C until OD600=0.4. From this 
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starter culture, 0.2-1.0 L was inoculated onto Petri plates containing 12 mL of 1/5 potato dextrose agar 

(PDA; Difco) growth media and allowed to grow at 17°C for 32-40 hours. 

Peptide extraction 

Once the desired time point was reached, the entire contents of the Petri plates were sliced into 

small pieces and extracted with acidified deionized water (pH 2) for 1 h at 28°C and 225 rpm in a 2.8 liter-

Erlenmeyer flask followed by addition of n-butanol and incubation for 18 h at 28°C. The n-butanol extract 

was separated from agar by cheesecloth filtration and, subsequently, from cell debris by centrifugation 

(6,440 x g, 10 min). n-butanol was removed with a rotovaporator (Buechi R-200). The crude extract was 

resuspended in 1 ml methanol and analyzed by dried droplet MALDI-TOF MS. The resuspended extract 

was centrifuged for 2 min at 16,800 x g and the supernatant was placed on a methanol-equilibrated 

Sephadex LH20 column (30 cm length). The extract was separated with a methanol mobile phase at a flow 

rate of 0.4 ml/min. Fractions of 7.5 ml were collected, lyophilized and resuspended in 200 μl methanol. Gel 

filtration fractions were analyzed by dried droplet MALDI-TOF MS for peptide content. Peptide-containing 

gel filtration fractions were combined and concentrated by lyophilization. The peptide was further purified 

by reversed-phase high pressure liquid chromatography (HPLC) using an Agilent 1260 equipped with a 

Phenomenex Kinetex C18 4.6 mm x 15 cm column. The peptide was eluted from the column using a 

gradient of 10% acetonitrile containing 0.1% formic acid : 90% water containing 0.1% formic acid to 90% 

acetonitrile containing 0.1% formic acid : 10% water containing 0.1% formic acid over 45 minutes at a 

flow rate of 1.0 ml/min. Peaks for nunamycin and nunapeptin were collected manually (24.6 minutes for 

nunamycin and multiple peaks between 35-40 minutes for the nunapeptin family of compounds) after 

which they were lyophilized and stored at -80°C. 

 

Tandem MS Analysis 

Tandem mass spectrometry experiments were performed directly from the surface of the bacterial 

colony using a Thermo LTQ-FT mass spectrometer (Thermo Electron Corp., Bremen, Germany) equipped 

with a nanoDESI ionization source (modified from a Prosolia 2D DESI source). All analyses were 

performed in positive ion mode in the mass range of m/z 100-2000. Both the primary and the nanospray 

capillaries were 150 m O.D. x 50 m I.D. with solvent being delivered and removed from the liquid 
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bridge at approximate 45° angles. The spray voltage was kept at 2.0 kV with the solvent being acetonitrile : 

0.05% formic acid in water (65:35) running at a flow rate of 2.5 L/min. The droplet size using this 

configuration was approximately 500 m in diameter. 

 

4.5. Supplementary information 

 

Figure 4.S1: Annotation of the CID MS2 spectrum for the rhamnolipid species at m/z 673.  
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Figure 4.S2: Annotation of the CID MS2 spectrum for the rhamnolipid species at m/z 699.  
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Figure 4.S3: Annotation of the CID MS2 spectrum for the rhamnolipid species at m/z 701.  
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Table 4.S4:Annotation of NMR data for observed rhamnolipid species. Rhamnolipid atom numbering 

scheme. Annotation of NMR data for observed rhamnolipid species. Refer to previous page for atom 

numbering scheme. Purified rhamnolipid species at m/z 673 contained ~10% of the single rhamnose 

variant. Purified rhamnolipid species at m/z 699 contained ~12% of saturated species as well as the single 

rhamnose variant of the unsaturated species (m/z 553). Purified rhamnolipid species at m/z 701 contained 

~15% of the unsaturated m/z 699 species as well as the single rhamnose variant. Also, species at m/z 701 

showed two different resonances for the terminal methyls of the fatty acids which were arbitrarily assigned 

to different fatty acid residues as NMR could not distinguish which fatty acid they belonged to. NMR 

spectra were acquired at 600MHz and 298K in methanol-d4. Chemical shifts were referenced to the 

residual methanol methyl resonance at 3.31ppm. 
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Figure 4.S5: Overlay of the 
1
H NMR spectra for all 3 main rhamnolipid species observed. NMR 

spectra were acquired at 600MHz and 298K in methanol-d4. Chemical shifts were referenced to the 

residual methanol methyl resonance at 3.31ppm.  
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Figure 4.S6: Example annotation of the 
1
H NMR spectrum for the rhamnolipid species at m/z 673. 

NMR spectra were acquired at 600MHz and 298K in methanol-d4. Chemical shifts were referenced to the 

residual methanol methyl resonance at 3.31ppm. Refer to Table S1 for atom numbering scheme. 
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Figure 4.S7: Evidence for the double bond of the rhamnolipid species at m/z 699.  Located at carbon 5 

on fatty acid chain 1 (see Table S1) are as follows: FA1-H3 has a unique chemical shift at 5.25ppm, FA1-

H3 shows coupling to H2 and H4, FA1-H4 resonance of unsaturated species is 1.6ppm while resonance of 

saturated species (m/z 701) shows two resonances for H4 near 2.4ppm.  NMR spectra were acquired at 

600MHz and 298K in methanol-d4. Chemical shifts were referenced to the residual methanol methyl 

resonance at 3.31ppm.  
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Chapter 5: Future Directions: Searching for anti-malarial compounds within the gut microbiome of 

Plasmodium falciparum inhibiting mosquitoes 

5.1. Abstract 

Malaria is an infectious disease responsible for almost a million deaths worldwide each year; 90% 

of which are children under 5 years of age in rural Africa. With resistance to current medications growing 

at an alarming rate, new strategies for controlling the transmission of this mosquito-borne disease must be 

developed. With control of the disease divided between attacking the mosquito carrier or the invasive 

parasite present within the mosquito, new tactics for remediating future outbreaks are constantly being 

recommended by the various world health initiatives. In this chapter, I will describe how mass spectrometry 

guided isolation of specialized metabolites can be used to discover new anti-malarial agents naturally 

present in a subset of the mosquito population in Africa.  

 

5.2. Introduction 

Malaria is a mosquito-borne disease spread mainly by the parasites Plasmodium falciparum and 

Plasmodium vivax.
1,2

 Contraction of the disease results in flu-like symptoms, including fever, vomiting and 

chills, and if left untreated can result in death. In 2010, the World Health Organization (WHO) estimated 

that over 219 million people contracted malaria, which resulted in at least 660,000 deaths worldwide. 

While malaria is a curable disease, severe cases in immunocompromised individuals can results in much 

higher risk of fatality (above 20%) or chronic infection which leaves the patient more susceptible to 

infection by other diseases. With medicinal treatments for malaria either physically or financially difficult 

to obtain in the impoverished third world nations where Malaria thrives
3
, control of the disease is typically 

limited to controlling the mosquito population rather than the resulting illness. Therefore, insecticides (such 

as DEET) are used extensively as well as physical means such as mosquito nets and reduction of stagnant 

water around residential areas
4
. Another method of deterrence, and the method most relevant to this 

proposal, relies on the mosquito’s daily diet of sugar, mainly from flower nectar. Here chemicals 

detrimental to the survival of either the mosquito or Plasmodium are added to artificial nectar which can be 

sprayed onto vegetation where mosquitoes feed. By learning to control the mosquitoes food source, 

researchers in Mali and Israel have seen up to a 90% decrease in the local mosquito population
5,6

.  
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Recently, the Dimopolous group at John’s Hopkins University discovered that roughly 25% of 

Anopheles arabiensis mosquitoes captured in Zambia are capable of inhibiting proper development, and 

therefore stop successful transmission, of the Malaria causing parasite Plasmodium falciparum within the 

gut of the mosquito
7
. Further investigation showed this phenomenon to be caused by secreted compounds 

produced by the bacteria naturally present in the gut microbiome of the inhibitory mosquitoes.  To 

determine which species of bacteria was causing the disruption in the Plasmodium growth cycle, 32 

different strains of bacteria were isolated from the guts of Plasmodium-inhibiting Anopheles arabiensis and 

tested for activity against Plasmodium in germ free mosquitoes. The results showed that 5 different strains 

of bacteria were able to inhibit development of Plasmodium falciparum by at least 50% with 2 strains being 

able to inhibit more than 90% of sporozite development. Preliminary work into determining the chemical 

agent produced by these bacteria that cause decreased development of Plasmodium resulted in the 

conclusion that bacterial production of reactive oxygen species, such as hydrogen peroxide, were 

responsible for this activity. However, confirmation experiments determined that these compounds were 

not the main chemical means employed by the bacteria to control Plasmodium development. 

 

5.3. Research Goals 

The ultimate goal of this project is simple: determine the identity of the anti-malarial agent 

produced by the gut microbiome of Plasmodium falciparum inhibiting mosquitoes. Through the use of 

traditional microbiology methods, this goal could be accomplished through the creation of transposon 

mutant libraries for each of the 5 highly inhibitory strains of bacteria present in the microbiome. Each 

mutant could then be dosed into germ-free mosquitoes and tested for its ability to inhibit the development 

of Plasmodium falciparum in the gut. Mutants displaying loss of inhibitory phenotype could be genetically 

sequenced to determine the location of its gene disruption. These target gene clusters could then be 

heterologous expressed in a host and tested for efficacy.  

While theoretically possible, a workflow such as the one described above would not be practical 

due to the massive amount of time and resources that would be required to accomplish such a task in a 

reasonable amount of time. Therefore, I propose a mass spectrometry and mass spectral molecular 

networking to characterize the global metabolic output of each bacterial strain present in the gut and isolate 
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mass signals produced solely by highly inhibitory strains. These compounds can then be purified and tested 

for their ability to inhibit the development of P. falciparum.  

The data collection stage of the experiment will take a two-pronged in vivo/in vitro approach 

(Figure 5.1). While the anti-malarial compound is certainly present in the gut of the mosquitoes, there is 

always the chance that the amount present will be below the limit of detection for the mass spectrometer as 

well as the chance that the compound may degrade during the lengthy preparation steps of removing the 

stomach from the mosquitoes and shipping them to our lab. Therefore, in addition to in vivo data 

acquisition, data will also be acquired from bacterial strains grown on growth media in hopes that the anti-

malarial compound will still be produced. For the in vitro acquisition (Figure 5.1A), each of the 32 strains 

of bacteria isolated from gut of the Plasmodium-inhibiting mosquitoes will be grown on a variety of growth 

medias, including LB agar, blood agar, LB broth and blood meal. After 36-48 hours of growth, each sample 

will be extracted with a polar solvent such as methanol as well as a non-polar solvent such as ethyl acetate 

in order to get more complete chemical coverage. Each extract will then be subjected to LC-MS/MS 

analysis where the resulting data will be used to create a bioactivity-weighted molecular network that will 

highlight molecules produced primarily or exclusively by highly inhibitory strains. By applying the 

following formula to each node in the molecular network, each mass signal can be weighted according to 

the bioactivity of its producer, its signal intensity and the number of times it was scanned (which is another 

indication of intensity):   

 

where A is the bioactivity for species a,b,...n and I is the signal intensity for spectra 1,2,...n and T is the 

total sum signal intensity for all spectra within a node. The solutions to this equation will give values 

between 0 and 1 where a value of 1 indicates that the mass signal is very intense and is produced 

exclusively by a highly inhibitory strain and a score of 0 indicates a very low intensity mass signal that is 

not produced by a highly inhibitory strain. These values can then be imported into the molecular network 

and used to prioritize observed mass signals across all strains.  
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Figure 5.1: Proposed experimental workflow for LC-MS/MS data acquisition. Using a two pronged 

approach, mosquito gut microbiome derived bacteria will be grown on various growth medias for various 

time points and extracted using polar and non-polar solvents followed by LC-MS/MS analysis of each 

extract. In addition, excised midguts from wild, germ free and gnotobiotic mosquitoes will be analyzed 

using both polar and non-polar solvents followed by LC-MS/MS analysis of each extract. All data will then 

be used to create a bioactivity weighted molecular network to prioritize mass signals exclusively produced 

by highly inhibitory strains. 

 

The second phase of data collection will be to analyze the metabolic profiles of the mosquito gut 

microbiome directly by doing chemical extractions from excised stomachs of germ-free mosquitoes (to act 

as a background control), gnotobiotic mosquitoes (dosed with single strains of bacteria isolated from the 

gut microbiome) and from wild Plasmodium-inhibiting mosquitoes. Once extracted, samples will be 

subjected to LC-MS/MS analysis followed by bioactivity weighted molecular networking.  

Once all the mass spectrometric data is collected, strategies for data mining will have to be 

developed to help narrow down the number of possible candidate molecules to a manageable number. 

Initially, candidate molecules from the bioactivity weighted molecular networks created from in vitro and 

in vivo data can be compared with molecules observed in both samples taking highest priority. Second, 

mass signals that show high weighted activity values, but are not common between the in vitro and in vivo 

samples can be taken under consideration as well. This list of candidate compounds can be searched against 

a database of known specialized metabolites, using tools such as GNPS, to determine if they are similar in 

structure to known compounds present in the database. For compounds that do not get a hit in the database, 
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manual sorting of their tandem mass spectra can be done to determine if any of the candidate molecules 

have interesting substructures, such as the presence of amino acids or sugar moieties.  

 

Figure 5.2: Possible route of verifying bioactivity for compounds of interest. Once a compound of 

interest is found, enough material will be purified for in vitro and in vivo bio assays to test the purified 

compound for its ability to inhibit Plasmodium development. If the bio assays yield promising results, 2D 

NMR experiments can be conducted to elucidate the structure and synthetic chemistry can be used to 

modify the core scaffold in order to increase potency.  

 

Once a short list of possible compounds is generated, these compounds can be purified and 

subjected to in vitro and in vivo assays to test for their ability to inhibit the development of Plasmodium 

falciparum (Figure 5.2). If the bioassays show positive results, then the compound can be structurally 

elucidated by 2D NMR and even possibly synthetically modified to try and increase its potency.   

 

5.4. Preliminary Data 

To date I have received 32 bacterial strains from the Dimopolous group that were isolated from 

the midgut of Plasmodium-inhibiting Anopheles gambiae mosquitoes. Each of these strains was also tested 

for bioactivity by inoculation of germ-free mosquitoes followed by ingestion of blood meal tainted with 

Plasmodium falciparum. From these bioassays, I have also received excised midgets from gnotobiotic 

Anopheles gambiae mosquitoes containing each of the 5 highly inhibitory strains of bacteria. 

Following the steps laid out in Figure 5.1, LC-MS/MS analysis was conducted on both in vitro 

and in vivo samples. A total of 980 samples were analyzed by LC-MS/MS resulting in over 400 Gb of mass 

spectrometry data, roughly equating to about 750,000 MS/MS mass spectra. Despite the very large size of 
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the data set, mass spectral molecular networking allowed for the data to be visualized and prioritized based 

on bioactivity (Figure 5.3). Mining of this data set is still ongoing with the number of possible compounds 

of interest still in the hundreds. While most of the data annotation is currently being done manually, the 

continued development of databases and mass spectral scoring algorithms will continue to aid in 

specialized metabolite discovery. 

 

Figure 5.3: Comparison of a regular (top) versus bioactivity weighted network (bottom). In the 

bioactivity weighted network, the node size is scaled to the weighted activity score with a larger node 

containing a mass signal that is high in signal intensity and is produced by a bacterium with high 

bioactivity while the small nodes contain small signals produced by bacteria exhibiting low bioactivity 

against Plasmodium. 
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