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Microbial metabolic exchange in 3D
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Mono- and multispecies microbial populations alter the chemistry of their surrounding environ-
ments during colony development thereby influencing multicellular behavior and interspecies
interactions of neighboring microbes. Here we present a methodology that enables the creation of
three-dimensional (3D) models of a microbial chemotype that can be correlated to the colony
phenotype through multimodal imaging analysis. These models are generated by performing matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) imaging mass spectrometry (IMS) on
serial cross-sections of microbial colonies grown on 8mm deep agar, registering data sets of each
serial section in MATLAB to create a model, and then superimposing the model with a photograph of
the colonies themselves. As proof-of-principle, 3D models were used to visualize metabolic
exchange during microbial interactions between Bacillus subtilis and Streptomyces coelicolor, as
well as, Candida albicans and Pseudomonas aeruginosa. The resulting models were able to capture
the depth profile of secreted metabolites within the agar medium and revealed properties of certain
mass signals that were previously not observable using two-dimensional MALDI-TOF IMS. Most
significantly, the 3D models were capable of mapping previously unobserved chemical distributions
within the array of sub-surface hyphae of C. albicans and how this chemistry is altered by the
presence of P. aeruginosa, an opportunistic pathogen known to alter virulence of C. albicans. It was
determined that the presence of C. albicans triggered increased rhamnolipid production by
P. aeruginosa, which in turn was capable of inhibiting embedded hyphal growth produced beneath
the C. albicans colony at ambient temperature.
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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 typi-
cally capable of generating metabolic exchange
factors affecting the local environment, the chemo-
and phenotypic development of neighboring organ-
isms 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 (Ng and Bassler,
2009; Davies, 2010; Romero et al., 2011; Phelan
et al., 2012). Such metabolic exchange factors enable
the creation of unique biological niches and affect
microbial multicellular behavior, community beha-
vior and colony development (Phelan et al., 2012).
Therefore, it is important to study microbial inter-
actions 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.

Agar-based culturing techniques have been used
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 moni-
toring the production of metabolic exchange factors
directly on solid growth media have seen little
advancement since Julius Petri developed the Petri
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dish (Zhang, 2004). 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 (Yang et al., 2009).
Although MALDI-TOF IMS has traditionally been
heavily utilized in histopathology of tissue sections
(Chughtai and Heeren, 2010; Schwamborn and
Caprioli, 2010; Seeley et al., 2011), our modification
of MALDI-TOF IMS allows for chemical character-
ization of individual and interacting microbes (Yang
et al., 2009, 2011; Liu et al., 2010 ). This technique
has enabled a 2D top–down view of the chemical
make-up from numerous microbial systems in a
spatial manner allowing chemical characterization
of observed phenotypes.

Although 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 because 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 (3D) 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 to provide a more complete picture of the
chemical environment within the organ (Crecelius
et al., 2005; Sinha et al., 2008; Seeley et al., 2012).
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.

To further 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 exten-
sive arrays of sub-surface vegetative hyphae for a
wide variety of purposes (Flardh and Buttner, 2009;
Brand, 2012). As the local chemical environment
within this sub-surface structure may influence its
behavior, such as chemotaxis (Chet and Mitchell,
1976; Wadhams and Armitage, 2004) or filament
differentiation (Truckses et al., 2004), elucidating
the localized chemical output within the hyphae
may provide valuable insight into its biology. In
agar-based phenotypic experiments, these vegetative
hyphae burrow deep into the agar (Burns et al.,
1998; Sudbery, 2011) and have been shown to have a

role in the well-investigated microbial interaction of
C. albicans with Pseudomonas aeruginosa (Hogan
and Kolter, 2002; Hogan et al., 2004; Mcalester et al.,
2008). 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 used 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.

Materials and Methods

Culturing of bacteria and fungi
Starter cultures for B. subtilis PY79, P. aeruginosa
PAO1 and C. albicans ySN250 were prepared by
inoculating 3ml of LB liquid media (Fisher Scien-
tific, Pittsburgh, PA, USA) from a 20% glycerol cell
stock and incubating at 28 1C until an OD600 of 0.5
was obtained (12–20h of incubation). S. coelicolor
A3(2) was 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, St Louis, MO,
USA), 1 g yeast extract (Sigma-Aldrich), 1 g dextrose
(Fisher Scientific) and 1.5 g malt extract (Sigma-
Aldrich) in 1 liter of Milli-Q grade water followed by
sterilization via autoclave. Although 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 condi-
tions. As the amount of agar media used when
culturing 3D samples is five times greater than what
is typically used for 2D samples (Yang et al., 2009), we
found that using 1/5th the amount of nutrients in the
media allowed for a phenotype and colony size
consistent with what we have previously reported
(Yang et al., 2009, Watrous et al, 2012).

For B. subtilis PY79 versus S. coelicolor A3(2)
interactions, three 1 ml aliquots of S. coelicolor A3(2)
spore stock were inoculated with 5mm spacing
between each spot in a linear fashion. This inocu-
lum was allowed to grow at 30 1C for 48h after
which a 0.5 ml aliquot of the B. subtilis PY79 starter
culture was placed 2mm from the terminal spot of S.
coelicolor A3(2) and allowed to grow at 30 1C for an
additional 24 h before MALDI IMS analysis. Indivi-
dual control colonies were prepared by inoculating
1ml of the S. coelicolor A3(2) spore stock or 0.5 ml of
the B. subtilis PY79 starter culture on ISP-2 deep
agar media and allowing to grow at 30 1C for 72 and
24h, respectively.

For C. albicans ySN250 versus P. aeruginosa PAO1
interactions, two 0.5 ml aliquots of the C. albicans
starter culture were inoculated roughly 10mm apart
and allowed to grow for 48h at 30 1C after which two
0.5 ml aliquots of the P. aeruginosa starter culture
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were inoculated in line with the two C. albicans
colonies with one aliquot 2mm from one of the
C. albicans colonies and the second aliquot roughly
10mm from the first P. aeruginosa aliquot. After an
additional 4 days of incubation at 30 1C, samples
were prepared for MALDI IMS experiments. Single
control colonies for C. albicans and P. aeruginosawere
prepared similarly where single 0.5ml inoculates were
grown separately for 6 and 4 days, respectively.

Sample preparation protocol for 2D MALDI-TOF IMS
A single colony of C. albicans ySN250 was prepared
by inoculating 0.5 ml of starter culture onto 1.5mm
deep ISP2 nutrient agar, which was prepared by
combining 15 g agar (Sigma-Aldrich), 5 g yeast
extract (Sigma-Aldrich), 5 g dextrose (Fisher Scien-
tific) and 7.5 g malt extract (Sigma-Aldrich) in 1 liter
of Milli-Q grade water followed by sterilization via
autoclave. The reason the sample for 2D MALDI-
TOF IMS was grown on 1.5mm deep agar as
opposed to the 8mm 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 1mm 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
o1mm vertical clearance. The sample was allowed
to grow for 6 days at 30 1C 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 mm test
sieve (Hogentogler & Co, Columbia, MD, USA).
Universal MALDI matrix is a 1:1 mixture of 2,5-
dihydroxybenoic acid and a-cyano-4-hydroxy-cin-
namic acid matrices. The sample was dried for 5 h at
37 1C 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 (Bruker
Daltonik GmbH, Bremen, Germany) at 400�
400 mm spatial resolution with 200 shots per raster
location using Random Walk shot pattern. Data were
collected and analyzed using flexControl (version 3.0;
Bruker Daltonik GmbH) and flexImaging (version 2.0;
Bruker Daltonik GmbH) software. Calibration was
done before the imaging run using Bruker Pepmix4
calibration standard (Bruker Daltonik GmbH).

Sample preparation protocol for 3D MALDI-TOF IMS
A 15mm� 35mm� 8mm section of agar was
excised from the Petri plate and placed colony-side
down on a homemade slicing instrument (Figure 1).
The excised agar was cut width-wise at room
temperature using microtome blades into 1.0mm
sections with each section placed on its side on a
stainless steel MALDI target plate. The MALDI
targets used allowed for a maximum of six 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 (Supplementary Figure S1). Once the
desired sample area was sectioned (typically result-
ing in a 15mm� 15mm 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 mm test sieve (Hogentogler &
Co). Samples were dried for 3 h at 37 1C; however,
microbes producing high amounts of viscous meta-
bolites, such as C. albicans, required up to 5h to dry.
The drying process reduces sample thickness of
each slice from 1.0mm to about 100 mm (Yang et al.,
2012). After drying, excess matrix was removed
using compressed air and immediately imaged in
quick succession using the same instrument para-
meters as previously stated for the 2D MALDI IMS
experiments. The mass spectrometry data were
gathered for each serial cross-section resulting in a
total imaging area of about 2000–3000mm2.

Generation of 3D models from MALDI-TOF IMS data
MALDI IMS spectra were converted into mzXML
format using CompassXport software (Bruker Dal-
tonics, 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 data set 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 data set, which was further processed by
reducing intensities of hot spots corresponding to
abnormally intense spectra typically observed dur-
ing MALDI IMS, volume denoising and contrast
enhancement applied for better visualization. The
resulting 3D volume data set corresponding to an m/
z-value was 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 transpar-
ency 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 concen-
tration because of their secreted nature. See
Supplementary Methods for additional information
and details.
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Preparation for tandem mass spectrometry analysis
Tandem mass spectrometry experiments were per-
formed on a Thermo LTQ-FT mass spectrometer
(Thermo Electron Corp., Bremen, Germany)
equipped with Nanomate and nanoDESI electro-
spray sources (Watrous et al., 2012). Microbial
colonies were grown identically to samples that
were analyzed by MALDI-TOF IMS and subjected to
liquid surface extraction followed by direct infu-
sion. 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 2kV, heated
inlet temperature of 200 1C, nebulizing gas pressure of
40p.s.i. (for Nanomate), collision-induced dissocia-
tion energy of 25V and collision time of 500ms.
Tandem mass spectra were annotated by hand and
compared with standard MS2 spectra.

Purification and structural elucidation of rhamnolipids
See Supplementary Methods.

Results

3D MALDI-IMS of B. subtilis PY79 and S. coelicolor
A3(2)
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 B. subtilis PY79
and S. 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 (Yang et al., 2009; Watrous et al.,
2010, 2012). 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. Although chemical
information from the sample surface is incredibly
useful, micro-organisms 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 8mm 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) 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 accel-
erating metabolic output and areal hyphae

Figure 1 General workflow for 3D MALDI-TOF IMS of microbial colonies on agar. A 15mm�35mm�8mm area of the interacting
microbes were excised and 1mm 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 53mm sieve followed by drying at 37 1C for 3–5h (depending on the system). 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 as three isosurfaces
(that is, layers) corresponding to different levels of normalized signal intensity (for example, 90%, 75% and 50% normalized intensity
with the 50% isosurface being the most transparent). 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 because of its intense color allowing for better optical images to be taken.
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production in neighboring colonies of S. coelicolor
(Yang et al., 2009; Watrous et al., 2010). Within
S. coelicolor, increased production of actinorhodin,
a purple pigmented polyketide, and SapB, a lanti-
biotic peptide necessary for aerial hyphae formation,
could be seen in the S. coelicolor colony closest to
the B. subtilis colony (Bystrykh et al., 1996; Kodani
et al., 2004; Yang et al., 2009; Watrous et al., 2010).
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 (Hojati et al., 2002). As the PY79
mutant of B. subtilis has had most of its polyketide
synthase and non-ribosomal peptide synthetase
machinery rendered inoperable (Zeigler et al,
2008), the only major product observed in both the
control colony and the interaction was subtilosin, a
macrocyclic bacteriocin (Kawulka et al., 2004).

Although these results have been previously
observed, modeling of the mass signals in 3D
allowed for additional information to be obtained
(See Supplementary Figure S2 for all additional
observed signals). Although previous 2D IMS stu-
dies 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 (Figures 2a and b), prodiginine
was not (Supplementary Figure S3), which is
consistent with previous studies stating that acti-
norhodin is secreted into the environment while
prodiginine remains associated with the membrane
(Vaidyanathan et al., 2008). Similarly, although 2D
MALDI-TOF IMS showed the distributions of the
secreted peptides CDA and SapB to be similar, 3D
MALDI-TOF analysis revealed their diffusion pat-
terns within the agar medium to be strikingly
different owing to their specific chemical properties.
In addition, 3D MALDI-TOF analysis showed
signals for g-actinorhodin, CDA and SapB can all
be seen present beneath the interacting edge of the
B. subtilis colony (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 8mm deep agar are not only able to reproduce
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previous observations from 2D IMS experiments, but
also grants additional information on the chemical
environment beneath the microbial colonies.

3D MALDI-IMS of C. albicans ySN250 and
P. aeruginosa PAO1
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 3a-I) with a 2D MALDI-TOF image
of a single 1.0mm cross-sectional slice through the
center of a similar C. albicans colony (Figure 3a-II).
Visually, colonies of C. albicans grown on 1.5 and
8mm deep agar media appeared very similar with
the colony consisting of a raised solid white circular
center (roughly 8mm across) and an off-white outer
ring caused by horizontally growing embedded
hyphae. Although the structure of the embedded
hyphae was slightly obscured in the 1.5mm sample
because of 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
(Figures 3a-II and 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
(Figures 3a-I and II). For instance, the mass signals
at m/z 183 and 291 showed similar signal distribu-
tions 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 because of
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 3a-II).
When 3D modeling of the MALDI-TOF IMS data
were performed (Figure 3a-III), the distributions
observed in the cross-sectional slice (Figure 3a-II)
were explained with 3D models of m/z 183 showing
an even distribution throughout the hyphae, m/z
291 forming a ring shaped 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 com-
pounds within the vegetative hyphae of C. albicans
may have a role in its interactions with other
microbes, we set out to study the interaction
between C. albicans and P. aeruginosa, an opportu-
nistic pathogen commonly co-isolated with
C. albicans from lung sputum of immunocompro-
mised individuals (Pierce, 2005) including cystic
fibrosis patients (Burns et al., 1998; Davies, 2002).
Interactions between P. aeruginosa PAO1 and C.
albicans ySN250 were analyzed similarly to the
interaction between B. subtilis PY79 and S. coelico-
lor A(3)2 as described earlier in this work. 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
(Gibson et al., 2009).

The resulting data showed that while many
molecules remained unaffected by the presence of
the competing microbe (See Supplementary Figure
S4 for all additional observed signals), other signals,
such as m/z 183, were inhibited in the region of
interaction (Figures 3b and c). Additional signals,
such as m/z 257 from C. albicans, were clearly more
abundant when challenged with a competing bacter-
ium (Figure 3b). Surprisingly, the pseudomonas
quorum signal at m/z 259 from P. aeruginosa, which
controls production of many metabolites within
P. aeruginosa (Venturi, 2005), did not show increased
production in the area of interaction with C. albicans
(Figures 3b and d and Supplementary Video 1).
Several signals, however, did show increased inten-
sity 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 atm/z 673,
699 and 701 (Figures 3b–d, Figure 4 and
Supplementary Video 2) with additional signals also
observed (Supplementary Figure S4).

This increased production and location hinted
that these signals may possibly have a role in the
alteration of the C. albicans hyphae. Therefore, these
molecules were isolated and structurally character-
ized by high-resolution Fourier transform ion
cyclotron resonance (FT-ICR) tandem mass spectro-
metry (MS/MS) and nuclear magnetic resonance

Figure 3 (a) Comparison of 2D and 3D MALDI-TOF IMS of individual colonies of C. albicans (positive ion mode). Ion intensity for a-I
and a-II is visualized using gradient color map where blue indicates low signal intensity and red indicates high signal intensity. Sample
for a-I was grown on 1.5mm thick ISP2 nutrient agar while a-II, a-III and b–d were grown on 8mm thick nutrient limited ISP2 nutrient
agar. (a-I) 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-II) 2D MALDI-TOF image of a single cross-sectional slice of a C. albicans colony. Optical image of slice was taken using a
transmitting light microscope (a-III) 3D MALDI-TOF image of a single colony of C. albicans. Note that optical image is taken from a semi-
overhead perspective of the full excised sample similar to Figures 1. (b–d) 3D MALDI-TOF IMS of interacting colonies of C. albicans
ySN250 and P. aeruginosa PAO1. (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
pseudomonas quorum signal (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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(NMR) (Supplementary Figures S5–S10 and Sup-
plementary Table 1). This analysis confirmed that
these signals belong to the rhamnolipid class of
metabolites (Figure 4b; Soberon-Chavez et al., 2005).
To determine the approximate concentration of

rhamnolipids present in the agar during the inter-
action with C. albicans, an additional three samples
were prepared and analyzed simultaneously on a
single MALDI target plate: a 1mm thick cross-
sectional slice taken from the center of an
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interaction identical to Figure 3b (Figure 4c), a 1mm
thick cross-sectional slice taken from the center
of an interaction between C. albicans and a filter
disc containing 200 mg of purified rhamnolipid at
m/z 701 (Figure 4d), and lastly a series of
known amounts of rhamnolipid (m/z 701) deposited
directly on a 1mm thick slice of blank agar
(Figure 4e). 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 (Gonzales
et al., 2011; Schoenian et al., 2011). 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 mgml�1. As
expected, no effect was observed when pseudomo-
nas quorum signal was tested in a similar manner
(Figure 4a). 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 (Figures
3b and 4). We obtained similar results for all three
purified rhamnolipids (m/z 673, 699, 701) that were
tested (Figure 4a).

Discussion

Multicellular behavior of microbes and interspecies
interactions on solid media is mainly dictated by
metabolic exchange factors and nutrient availability
in the growth media (Phelan et al., 2012). 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 3D, 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 (McMahon et al., 2006). Although perform-
ing 3D IMS analysis on tissue samples can prove
difficult and very time intensive because of the
expertise and instrument time required to precisely
prepare and analyze each tissue section (Andersson
et al., 2008; Nemes et al., 2009; Eberlin et al., 2010),
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
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Figure 4 The effect of Pseudomonas metabolites on C. albicans vegetative hyphae. (a) Bioassay of purified rhamnolipids (70mg for m/z 701
and 699; 68mg for m/z 673) and pseudomonas quorum signal (PQS) (26mg) on individual colonies of C. albicans grown on 1.5mm thick ISP2
nutrient agar. 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. albicanswas prepared where a single cross-sectional slice was imaged using 2D
MALDI-TOF imaging alongside a blank section of agar spotted with known concentrations ofm/z 701. All three data sets in c–ewere 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)
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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 interacting Pseudomonas colony was roughly equivalent to the 0.2mg spot when taken in
account the diameter of the spot after diffusion (B4mm) this represents an estimated 16mgml� 1 concentration (Figures 3b and c).
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completed within a single day. With matrix applica-
tion using the test sieve being very reproducible,
virtual alignment of each cross-section simplified
because of each slice having the same size and
shape, and with mass signals spanning several
sequential cross-sections (because of 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. Finally, although 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 because of reduced variation in surface
morphology and more consistent matrix crystal-
lization. Direct imaging of the intact colonies can
yield imaging artifacts, such as lack of signal from
areas of the colonies covered in aerial hyphae
because of lack of matrix adherence (Yang et al.,
2012).

As a proof-of-principle experiment, we showed
that 3D MALDI-TOF IMS was capable of expanding
on existing IMS technologies by allowing for an
additional dimension of biological information to be
visualized even when analyzing a very well studied
system (Straight et al., 2006). Analysis of the
interaction between B. subtilis PY79 and S. coelico-
lor A3(2) using 3D MALDI-TOF IMS not only
confirmed previous observations (Yang et al., 2009;
Watrous et al., 2010, 2012), but was also able to
show differences in metabolite distributions that
were not observable using 2D IMS (Figure 2). We
were able to confirm that while actinorhodin is
secreted into the surrounding environment, prodi-
ginine remains associated with the membrane
(Figures 2a and band Supplementary Figure S3) as
well as show that while the distributions of SapB
and CDA appear similar when analyzed by 2D
MALDI-TOF IMS, their ability to diffuse through
the agar medium is clearly distinguishable when
looking at their corresponding 3D models (Figures
2a and c). One surprising result discovered by using
3D modeling of the MALDI-TOF data were the
presence of most of the secreted S. coelicolor ions
beneath the B. subtilis PY79 colony (Figures 2b
and c). This was not previously observed using 2D
MALDI-TOF IMS as the MALDI laser cannot
penetrate the bacterial colony.

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 patho-
gens) that develop sub-surface structures. One
example is a native member of the human mucosal
biofilm community, C. albicans. This opportunistic
fungal pathogen is responsible for superficial and
systemic infections in immunocompromised
patients (Pierce, 2005). Although the human
immune system is partially responsible for control-
ling 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 (Hogan and Kolter,
2002; Morales and Hogan, 2010). As one such
organism, P. aeruginosa uses a variety of physical
and chemical methods to limit the growth of C.
albicans (Gibson et al., 2009; Bandara et al., 2010).
It attaches exclusively to the hyphal germ tubes of
C. albicans and secretes several virulence factors,
including 3-oxo-C12 homoserine lactone and pyo-
cyanin, to inhibit growth of C. albicans (Hogan et al.,
2004). 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
(Figures 3 and 4). Although many of these com-
pounds 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
because of 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 (Figures 3b–d). By using the 3D models to
pinpoint signals intensified in P. aeruginosa at the
colony interface (Supplementary Video 2), we were
able to rapidly identify that a major contributor to
this chemical modulation were a family of rhamno-
lipids (Figures 3b and cand Figure 4). Rhamnolipids
have been reported to have antifungal activity
against zoosporic plant pathogens and have a role
in allowing P. aeruginosa to inhibit growth of certain
bacteria (Stanghellini and Miller, 1997; Soberon-
Chavez et al., 2005). 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
(Figures 4c–e).

Collectively, we have demonstrated that the
expansion of 2D MALDI-TOF IMS into 3D for
microbial analysis provides valuable additional
information regarding the spatial distribution of
metabolic exchange factors of microbes cultured in
Petri dishes. IMS 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
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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 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.
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