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Abstract
Microorganisms such as bacteria and fungi produce a variety of specialized metabolites that are
invaluable for agriculture, biological research, and drug discovery. However, the screening of
microbial metabolic output is usually a time intensive task. Here we utilize a liquid micro-junction
surface sampling probe for electrospray ionization mass spectrometry to extract and ionize
metabolite mixtures directly from living microbial colonies grown on soft nutrient agar in Petri-
dishes without any sample pre-treatment. To demonstrate the method is robust, this technique was
applied to observe the metabolic output of more than 30 microorganisms, including yeast,
filamentous fungi, pathogens, and marine-derived bacteria, that were collected worldwide. Diverse
natural products produced from different microbes, including Streptomyces coelicolor, Bacillus
subtilis, and Pseudomonas aeruginosa are further characterized.

Microorganisms produce a wide array of specialized metabolites that phenotypically affect
cell populations in their surroundings, a process known as metabolic exchange. 1 These
exchange factors have a diverse array of functions: some act as signaling molecules that
control metabolism and morphology, some are virulence factors or even cannibalistic
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factors, some serve as nutrients, and others function as antibiotic agents that promote the
survival of the species. 1 Many of these specialized metabolites, such as penicillin and
vancomycin, have been found to be of great clinical importance. 1 The ubiquity and variety
of microbes generating compounds of such high potential utility presents a consequent
challenge and opportunity. There are more than 105 formally named bacteria species in pure
cultures and approximately twice as many uncultured species. 2,3 The total richness is
estimated at 107to 109 bacteria species worldwide. 3,4 Microbes also often co-exist with
hosts such as humans: some of these microbial communities have been characterized at the
nucleotide level. 5 Human microbiota play physiological roles and are thought to be
associated with multiple disease states. 6 A recent study indicates that the gut microbiome
can drive hormonal regulation of human autoimmunity. 7 The ability to characterize
metabolic exchange factors from agar grown microbial colonies facilitates the understanding
of the roles of such specialized metabolites and their roles in virulence, symbiosis, and
mutualism, yet there are very few tools available that can capture the chemistry of microbes
in such a direct manner.

One of the most challenging aspects of investigating the chemistry of microbes in
conventional mass spectrometric workflows is the time required for techniques such as
liquid chromatography mass spectrometry (LC-MS), to isolate individual molecular species.
Matrix-assisted laser desorption ionization (MALDI) mass spectrometry can be applied to
directly study microbial metabolic exchange eliminating the need for compound
isolation. 8-10 However, the requisite crystalline organic matrix deposition and dehydration
procedures involved in sample preparation inevitably deactivates microbial cellular activity.
Recently, in order to investigate microbial metabolic profiles in real-time, an angled
capillary liquid bridge based technique called nanospray desorption electrospray ionization
(nanoDESI) was applied to the analysis of living microbial colonies. 11,12 This technique
allows spatiotemporal profiling of metabolite output directly on Petri-dishes in ambient
environments without a labor intensive purification process. Although nanoDESI works well
for many microbiology applications, it is susceptible to loss of solvent flow through the
liquid bridge due to the hydrophilicity of the extracellular matrix (ECM) of the microbes
themselves and we have observed that high salinity media alters the electrospray behavior.
Because nanoDESI has low flow rates and is self-aspirating, it makes it more sensitive to
loss of flow by these factors. Clogging in the transfer capillary tube due to surface roughness
is also more common during nanoDESI sampling. When this happens, the user will need to
replace the capillary tube. Frequent capillary replacements and subsequent setup realignment
makes the implementation of nanoDESI to untrained users more difficult at this time. For
these reasons, a more effective operational approach to molecular information from
microbes could, through increased robustness and automation, better deal with the demand
for the analysis of the plethora of specialized metabolites produced by the diverse array of
microbes that inhabit our planet. Additional methods that complement nanoDESI to directly
characterize the molecules of microbes grown on Petri-dishes need to be developed.

Toward this end, we herein utilize a continuous flowprobe system, based on the coaxial tube
geometry liquid microjunction surface sampling probe (LMJ-SSP), for continuous in situ
extraction of an assortment of analytes, as it has previously been demonstrated for various
qualitative and quantitative analysis of sample surfaces including glass slides, TLC plates,
skin and tissues. 13-17 LMJ-SSP differs from nanoDESI in key operational aspects. LMJ-
SSP mainly uses a pneumatic nebulizer instead of the self-aspirated nanospray capillary to
extract analytes from samples (Figure 1a). LMJ-SSP has a co-axial geometry enabling
analysis near the edges of the Petri-dishes. When clogging occurs in LMJ-SSP, this often
can be remedied by a temporarily closing the nebulizer valve, resulting in a reversal of the
solvent and nebulizer gas to flush the transfer tubes. Finally, LMJ-SSP uses higher flow
rates than nanoDESI. As shown in Figure 1a, cultured microbial colony plates were
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sequentially placed onto an x-y stage (Figure 1b) below a z-axis translated probe body. As
with all liquid extraction methods, the classes of molecules observed depends on the solvent
used. In order to extract a broad range of microbially-secreted compounds, a 65/35
acetonitrile/0.1% formic acid aqueous solution (vol/vol) was used for all of the experiments,
pumped at a rate of 5 μL/min through the probe to the surface and continuously aspirated
away by the nebulizer (80 psi) operating at a high voltage (2 kV) for electrospray at a
Thermo LTQ-FTICR MS inlet.

Most microbes form biofilms (Figure 1c) making colony surfaces more heterogeneous than
flat, evenly-deposited glass slides. Consequently computer controlled x-y, and z axes,
respectively, were adjusted to move various colonies into the path of extraction, and
maintain sufficient distance between the probe and surface at various plate locations,
preserving colony morphologies. Supplemental Movie S1 demonstrates the operation of the
flowprobe when it contacts a Petri dish bearing colonies of the soil bacterium Streptomyces
coelicolor A3 (2) (Movie S1, bottom screen), and the mass spectrometer readout displays
the instantaneous instrumental response. As shown in Movie S1 (top screen) and Figure S1,
the red-pigmented antibiotics prodiginines (m/z 392 and 394, cyclic and open forms) are
detected upon flowprobe liquid junction contact with the colony and are further confirmed
by MS/MS (supporting information). 11

Specialized metabolites can be crucial for the survival of microorganisms subjected to harsh
environmental conditions. 18 One such molecule is the nonribosomal peptide synthetase-
derived surfactin, a lipopeptide antibiotic produced in 20 laboratory characterized strains of
B. subtilis and found to possess antibacterial, antifungal, antiviral, and antimycoplasmic
activity. 19,20 We cultured two B. subtilis strains: 3610 and PY79. B. subtilis PY79 is a
laboratory domesticated strain of B. subtilis 3610 and most of the polyketide synthases and
nonribosomal peptide synthetases have been silenced,21 and interrogated them using the
flowprobe prototype. Surfactin analogs with different lipid chain lengths were identified
from the colony surface of B. subtilis 3610 as shown in Figure S2 but, as expected, were not
observed on B. subtilis PY79. These metabolomic results are consistent with reports in
which mass spectrometry was used to highlight differences at the nucleotide level. 8,9,22,23

In addition to surfactin, other cyclic peptides such as plipastatin24 and subtilosin were
observed from B. subtilis 3610 but not B. subtilis PY79. At different stages during the
growth of a B. subtilis colony, bacterial cells differentiate in order to carry out multiple
functions that enable adaptation to environmental changes. Individual cell fate in B. subtilis
is coordinated by many biosynthesized chemical agents. Recently, a sporulation killing
factor (SKF) that determines cannibalistic behavior was identified on the colonies of B.
subtilis strains using MALDI-TOF-IMS. 9 These ribosomal peptides were also observed in
the 2+ and 3+ charge states on both B. subtilis analyzed strains, as shown in Figure S2.
Polysaccharide derived signals, possibly from degraded agarose, were also abundant on both
colonies. The comparison of MS performance using LMJ-SSP and nanoDESI are also
shown in supporting information (Fig. S13).

Metabolic exchange is not unique to microbial communities and is also observed in the
context of commensal, mutualistic, competitive, and antagonistic microbe-eukaryote
systems and microbe-host interactions. Alteration of metabolic signaling agents has been
demonstrated to correspond with disease progression. The opportunistic pathogen
Pseudomonas aeruginosa,25 which is commonly isolated from the lungs of cystic fibrosis
(CF) patients,26 secretes several virulence factors including pyocyanine (PYO). 27

Furthermore, the capacity for fungal inhibition by P. aeruginosa is also associated with its
secondary metabolites. To further illustrate the utility of this technique in pathogen analysis,
we describe the metabolomic profiling of a cultured P. aeruginosa PA14 colony. As shown
in Figure S3, both virulence factor ions (PYO with H+ and Na+adducts) as well as its
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biosynthetic precursor phenazine-1-carboxylic acid (PCA) were identified. The elongated
conjugated system of the PYO cation stabilizes the ESI product and explains the higher
PYO intensity relative to PCA signal at m/z 225. 28 Within the same fingerprint, in the range
of m/z 240-320, a diverse array of quinolone molecules, including Pseudomonas quinolone
signaling molecule 2-heptyl-3-hydroxy-4-quinolone (PQS) and related molecules with
different carbon chain lengths were obtained. These molecules play a crucial role as
signaling molecules in the quorum sensing network of Pseudomonas aeruginosa. 29,30

Above m/z 500, extensive rhamnolipid production was identified, exemplified by the
sodiated mono-and di-rhamnolipid congeners, seen at m/z 527 and 673, respectively. These
glycolipidic biosurfactants assist in the biodegradation of insoluble media; are associated
with biofilm formation and swarming behavior; and act as virulence factors against a variety
of microorganisms, such as the fungus Candida albicans. 31,32

Utilizing the flowprobe system for direct colony extraction and ionization, diverse classes of
natural products, ranging from small redox compounds,33 quorum sensing signaling
molecules,29,30 glycolipidic antifungal31,32 and red-pigmented anticancer agents,34 to
nonribosomal peptidic antibiotics19,20 and ribosomally-encoded peptidic cell differentiation
inducers,9,35,36 were identified. Early success with various bacterial genera encouraged
exploring a wider scope of microbial diversity. Thirty four bacterial and fungal strains
isolated from worldwide sources including CF patients (San Diego, USA), bats (caves and
abysses in the Czech Republic),37 cheese,38 marine habitats (distinct geographical areas
from Solomon Islands to South China Sea),39-41 and symbiotic lichens (Canada) were
cultured and investigated using this approach. As elaborated in Figure 2, flowprobe mass
spectra from each strain were acquired up to m/z 2000 showing multiplex spectral features
that illustrate sharp diversity of metabolomic profiles. Polysaccharide ions (with
characteristic 162 Da repeating units) are commonly found among some of these colonies as
well as B. subtilis (Figure S2), possibly as a result of agar biodegradation. These media-
derived molecules contribute to the cross-genera background (mutual) ions. However,
molecules detected exclusively within the same genera, such as ion clusters at m/z 564, 692
and 1400 in Serratia, enable discernment of spectral patterns of genetically related species.
The resulting MS fingerprints from this initial multi-species dataset generated by the
flowprobe suggest the feasibility of the conceptual microbiology scheme for rapid
identification of microbial species based on chemical output similarity. This workflow has
been nicely implemented on a small scale, mostly with pathogenic microbes, via MALDI or
DESI-MS using individual algorithms. 42-45

Of utmost interest, is the high efficiency real-time microbial metabolite screening afforded
by the development of the technique. Previously, Watrous et al. demonstrated a new method
of viewing secreted microbial products by deconvoluting the mass spectrometry
fragmentation features of parent ions mobilized from the colony surface. 11 Via this
approach, structurally related molecules, presented as nodes, are mapped based on
corresponding spectral similarity. This powerful tool provides system-wide molecular
information and represents a new frontier in metabolomic methodology. As more extensive
MS/MS datasets are collected and mapped, a novel molecule or metabolite with a
characterized fragmentation pattern can be located in the “pseudospace”; of a broader
molecular network that is progressively increasing in strain coverage and scale. However,
one of the biggest obstacles of the molecular identification using tandem MS-based
databases is instrument-dependent fragmentation mismatching. Variations between each
laboratory and ionization method create imprecision in MS databases and subsequently,
ambiguity during spectral comparisons. Identical molecules could possibly have very
different fragmentation spectra in terms of product ions and intensities simply due to a
minor change in operating parameters. 46-48 Establishing a universal standard protocol for
all natural product MS analysis will improve instrument-dependent data ambiguity and,
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more importantly, will make spectral comparison processing more efficient and convincing.
The ease of the flowprobe system provides a solution to standardize the MS acquisition step
on microbial colonies directly from Petri-dishes. Most importantly, the capability of rapid
surface profiling in real-time circumvents the need for labor-intensive and time-consuming
procedures to improve the speed with which microbial samples from the clinic or
biotechnological applications can be screened, perhaps for genus identification, fundamental
biofilm studies but certainly for the discovery of specialized metabolites.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
An overview of flowprobe based mass spectrometric analysis of living microorganisms on
Petri dish. (a) Schematic diagram of MS analysis of microbial colonies using a coaxial LMJ-
SSP method. Solvent is continuously pumped to the surface via the outer capillary tube to
extract and mobilize the molecules on the colony and aspirated into the inner capillary tube
by the Venturi force generated at the nebulizer where ions are electrosprayed at the MS
inlet. (b) Photograph of the flowprobe prototype platform including the x-y stage. (c)
Snapshot of the flowprobe desorbing metabolites from a colony of S. coelicolor A3(2).
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Figure 2.
Real-time mass spectra acquired on the surfaces of diverse microbial colonies. Bottom: List
of microorganisms and original locations of the strain isolations. Note that the numbers in
the parentheses of strain #11-13 and 18 are referential numbers for mass spectrometry
analysis not formal strain names.
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