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ABSTRACT: Ambient mass spectrometry (MS) technologies have been
applied to spatial metabolomic profiling of various samples in an attempt to
both increase analysis speed and reduce the length of sample preparation.
Recent studies, however, have focused on improving the spatial resolution of
ambient approaches. Finer resolution requires greater analysis times and
commensurate computing power for more sophisticated data analysis
algorithms and larger data sets. Higher resolution provides a more detailed
molecular picture of the sample; however, for some applications, this is not
required. A liquid microjunction surface sampling probe (LMJ-SSP) based MS
platform combined with unsupervised multivariant analysis based hyper-
spectral visualization is demonstrated for the metabolomic analysis of marine
bacteria from the genus Pseudoalteromonas to create a rapid and robust spatial
profiling workflow for microbial natural product screening. In our study,
metabolomic profiles of different Pseudoalteromonas species are quickly acquired without any sample preparation and distinguished
by unsupervised multivariant analysis. Our robust platform is capable of automated direct sampling of microbes cultured on agar
without clogging. Hyperspectral visualization-based rapid spatial profiling provides adequate spatial metabolite information on
microbial samples through red−green−blue (RGB) color annotation. Both static and temporal metabolome differences can be
visualized by straightforward color differences and differentiating m/z values identified afterward. Through this approach, novel
analogues and their potential biosynthetic pathways are discovered by applying results from the spatial navigation to
chromatography-based metabolome annotation. In this current research, LMJ-SSP is shown to be a robust and rapid spatial
profiling method. Unsupervised multivariant analysis based hyperspectral visualization is proven straightforward for facile/rapid data
interpretation. The combination of direct analysis and innovative data visualization forms a powerful tool to aid the identification/
interpretation of interesting compounds from conventional metabolomics analysis.
KEYWORDS: mass spectrometry, rapid analysis, spatial metabolome, natural products, ambient ionization

■ INTRODUCTION
Mass spectrometry (MS) has been extensively used in
metabolome research as a powerful tool in molecular
characterization for various compounds.1 Compared with
other compound characterization techniques such as nuclear
magnetic resonance (NMR), the superior sensitivity and
selectivity of MS make it a robust tool for higher-throughput
metabolome analysis.2 However, labor-intensive sample
preparation steps such as filtration and/or solvent extraction
are still necessary for MS detection of biomarkers or natural
product discovery.2,3

Ambient ionization MS was invented to minimize sample
preparation and, in some cases, enable researchers to test
samples directly.4 Since the first reports of ambient ionization,
significant progress has been made to improve the spatial
resolution for metabolomic analysis.5−10 With the develop-

ment of precise sampling techniques, the state-of-the-art
resolution for spatial metabolome research has reached ∼10
μm levels.8,11,12 Although impressive applications such as
single cell analysis13 or early tumor diagnosis14 have been
achieved in the past decade, micrometer-level spatial resolution
introduces issues such as extended sampling time, complicated
equipment alignment, and exhaustive troubleshooting.15,16 No
doubt high spatial resolution can be critical for some
applications; however, robustness and throughput can be
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more important for research applications such as colony level
microbial analysis.17

In our previous studies, the liquid microjunction surface
sampling probe (LMJ-SSP) and MS combined with hyper-
spectral visualization were effective for the in situ analysis of
bacterial colonies.18,19 To compare the performance of the
LMJ-SSP with other profiling techniques and further
demonstrate hyperspectral based data visualization in different
scenarios, a rapid and robust workflow for spatial metab-
olomics was explored in the current study. Gram-negative
marine bacteria from the genus Pseudoalteromonas, which has
become popular for its production of highly conjugated natural
products with unique structures and interesting bioactivities,
was chosen for workflow demonstration.20

In our current study, the LMJ-SSP is shown to generate
robust data for the in situ analysis of a single microbial colony
and to be compared to other mainstream ambient ionization
techniques. One millimeter spatial resolution of the LMJ-SSP
is shown to be adequate for the preliminary screening of
natural products. Hyperspectral visualization workflow, which
converts static or temporal metabolomic features into red−
green−blue (RGB) coded colors, is tested with distinct MS
data visualization techniques and different types of multivariant
analysis algorithms. Results from spatial metabolome analysis
are further used to navigate the data analysis for a liquid
chromatography−mass spectrometry (LC−MS) based metab-
olomics experiment. Analogues of Tambjamine YP1,21 which
possess fatty acid amine tails of different lengths, are quickly
identified from a large molecular network of Pseudoalteromonas
tunicata with the aid of spatial profiling. LMJ-SSP and
hyperspectral visualization based spatial profiling workflow
are demonstrated as an efficient method to assist microbial
metabolome analysis.

■ EXPERIMENTAL SECTION

Materials
HPLC-grade methanol, formic acid, and α-cyano-4-hydroxycinnamic
acid (HCCA) were sourced from Sigma-Aldrich (Saint Louis, US).
Deionized water was obtained with a Sartorius Arium Pro DI
Ultrapure Water System (Gottingen, Germany). Microscope glass
slides were purchased from Fisher Scientific (Hampton, US). Indium
tin oxide (ITO) coated slides were purchased from Bruker (Billerica,
US).

Bacteria Sample Preparation
Agar plates with bacterial colonies were prepared using a modified
drop plate method.22 As described in previous research,18

Pseudoalteromonas rubra DSM6842, Pseudoalteromonas tunicata
DSM14096, Pseudoalteromonas piscicida JCM20779, and Pseudoalter-
omonas elyakovii ATCC700519 are streaked on Difco Marine Broth
2216 (Mar2216) agar (1%) and incubated overnight at 30 °C. Each
species of Pseudoalteromonas is picked as a single colony from their
respective plate, inoculated into liquid Mar2216 broth (5 mL), and
incubated overnight at 30 °C with shaking at 170 rpm. The overnight
cultures are diluted 10-fold and dropped in ∼20 μL aliquots onto a
fresh Mar2216 agar (1%) plate that is divided into four quadrants.
The distance between strains or colonies is not strictly controlled. The
plate is incubated at 30 °C for about 5 days and stored at 4 °C
awaiting analysis.

Agar plates used for microbial interaction analysis are prepared
with a modified cross streak method.23,24 Pseudoalteromonas rubra
DSM6842 and Pseudoalteromonas tunicata DSM14096 are cross-
strewn in the shapes of “+” and “V” to examine their interaction
zones. Plates for static analysis are incubated at 30 °C overnight and

stored at 4 °C awaiting analysis. Plates for temporal experiments are
tested 1 h after incubation and 24 h afterward.
Direct Sampling by LMJ-SSP
The liquid microjunction surface sampling probe (LMJ-SSP), which
was originally designed by Van Berkel,25,26 was used for the direct
analysis of microbial colonies. As described in Figure S1, the sampling
probe is composed of two concentric tubes (outer tube: 762 μm I.D.
× 1588 μm O.D., length ∼5 cm; inner tube: 250 μm I.D. × 350 μm
O.D., length ∼25 cm) and a metal “tee” union.18 Methanol, which is
delivered by an HPLC pump at 200 μL/min, was chosen as a carrier
liquid for performance based upon previous studies.18,27

To evaluate the performance of LMJ-SSP, an agar plate inoculated
with P. rubra (shown in Figure 1A and Figure S2) was sampled

directly by LMJ-SSP. The MS (SCIEX 4500 triple quadrupole,
Concord, ON, Canada), which was connected to an LMJ-SSP, was
operated with full scan function (m/z 300−400, 2000 Da/s) in
positive ion mode (spray voltage = +5500 V, curtain gas = 20 arbitrary
units, gas 1 = 80 arbitrary units, gas 2 = 30 arbitrary units).
Direct Analysis by MALDI
MALDI time-of-flight (TOF) mass spectrometry was chosen as the
reference method because it has been widely used in various microbial
analyses.28,29 Similar to the protocol of the popular Biotyper,30 a
syringe needle was used to scrape a tiny piece of colony (P. rubra
DSM6842) onto the MALDI target plate. Two microliters of HCCA
solution (7 mg/mL, ACN/H2O = 1/1) was dripped onto the sample
and left until the sample is completely dry. A full scan (m/z 200−
5000, positive mode) was used to test the sample (Bruker Autoflex
Speed MALDI TOF, Bremen, Germany)
Direct Infusion-Based MS Analysis
A straightforward extraction-based protocol combined with electro-
spray ionization, high-resolution mass spectrometry, and direct
infusion was used as another reference. Several colonies of P. rubra
were transferred into a 15 mL polypropylene centrifuge tube
(Corning Inc., Corning, USA) with 10 mL of methanol/H2O = 1/
1. The tube was vortexed and sonicated for 30 min. The sample was
centrifuged at 10,000g for 5 min to remove particles prior to direct
infusion-based high-resolution mass spectrometry analysis. A gastight
syringe (500 μL, Hamilton Co., Reno, USA) was used to infuse the
sample into an LTQ Orbitrap Velos Pro (ThermoFisher, San Jose,
CA, USA) directly for analysis. An ESI source (positive mode, spray
voltage = 3500 V, sheath gas flow rate = 10 arb, aux gas flow rate = 0
arb, capillary temperature = 290 °C) and full scan (m/z 300−400)
were used for the analysis. The Xcalibur 2.2 SP1 software was used to
control the instrument.

Figure 1. Example of typical workflows and spectra of P. Rubra using
different rapid mass spectrometry detection methods (LMJ-SSP,
MALDI and Direct Infusion) (A: C19H23N3O, 2-methyl-3-butyl
prodigiosin, m/z 310.2; B: C20H23N3O, cycloprodigiosin, m/z 322.2;
C: C20H25N3O prodigiosin, m/z 324.2; D: C21H25N3O, predicted
prodiginine, m/z 336.2; E: C21H27N3O, 2-methyl-3-hexyl prodigiosin,
m/z 338.2, F: C22H29N3O, 2-methl-3-heptyl prodigiosin m/z 352.2, *:
signal from α-cyano-4-hydroxycinnamic acid).
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Conductance-Based Autosampling by LMJ-SSP
A conductance feedback loop based 3D printer platform,19 which
moves the probe in a “stepping sampling mode”,26 was developed by
our lab to facilitate autoimaging of uneven microbial colonies.19

During the automated imaging process, the probe touches the sample
surface for 2 s and travels for 30 s to the next pixel.18 Unlike other
popular mass spectrometry imaging (MSI) techniques, no sample
preparation or extensive alignment is needed for the imaging, and
samples remain intact after imaging.18,19 Simply pointing the probe to
the starting point for imaging and positioning it several centimeters
above the sample is enough to begin the imaging experiment.

To evaluate the performance of LMJ-SSP in various microbial
analyses, MSI experiments were conducted directly upon agar plates.
Areas with a single colony of P. tunicata (Figure S2B2, 8 × 10 mm)
were sampled to demonstrate the robustness of the LMJ-SSP based
autosampling platform. Cross streaked P. rubra and P. tunicata (Figure
S2C,D, 10 × 15 mm) were directly sampled to demonstrate how
microbial interaction analysis can be facilely performed. To
demonstrate the potential of using LMJ-SSP in temporal microbial
monitoring, cross streaked P. rubra and P. tunicata (Figure S2E, 10 ×
10 mm) were sampled at 1 and 24 h after inoculation. Spatial
resolution of imaging experiments in the current research was set at
≈1 mm. Further details of the sampling platform and sampling
protocol can be found in a previous publication.18,19

MALDI-Based MSI
MALDI is the most popular MSI technique. To evaluate the LMJ-SSP
based MSI protocol, MALDI was used as a “commercialized reference
method”. Unlike DESI or the LMJ-SSP, matrix deposition and sample
preparation are necessary for MALDI. HCCA was chosen as a
universal matrix for the positive mode MALDI. A homogeneous
matrix deposition method31,32 was modified for the agar plate. The
targeted area was first cut from the plate and placed on a conductive
ITO slide for dehydration. Air bubbles were avoided to ensure
adequate adhesion. The excised agar was heated at 40 °C for ≈60 min
in a fume hood to partially dehydrate the sample. Then a lab-
developed matrix spray chamber was used for matrix deposition
(spray time: 10 s, settle time: 10 s, drying time: 15 s, for 60 cycles).
Note that it is important that some moisture remains in the agar after
the first drying step to facilitate the crystallization of the matrix. After
deposition, the agar was again dehydrated in a desiccator for 60 min.
After the sample preparation procedure is completed, the agar should
appear as depicted in Figure S3. The sampled area was then scanned
by a Bruker Autoflex speed MALDI TOF in positive mode (m/z
150−2000, spatial resolution: 150 μm).

DESI-Based MSI
DESI, a commonly employed MSI technique,33,34 was chosen as an
additional reference MSI technique to evaluate the performance of the
LMJ-SSP based MSI protocol. Usually, no sample preparation is
needed if samples have a solid and flat surface.35,36 But for our sample
(Figure S2B2), the gel-like colony is very fragile to the gas flow
emanating from the probe. Therefore, a dehydration protocol37 is
needed to ensure that the surface will be solid and flat after
processing. A piece of agar slightly larger than the target colony was
cut from the plate. The excised piece (size ∼2 × 2 cm) was placed on
a glass slide that was then fixed to the heated bed of the 3D printer.
Air bubbles were removed to ensure that the agar adhered well to the
glass slide. The slide was maintained at 40 °C for ≈2 h in the fume
hood. For most agar plate based imaging, only specially prepared thin
layer agar plates are used for facile dehydration.37 Extremely thin agar
plates, however, limit the growth of colonies. The current protocol is
designed for and compatible with agar plates with different
thicknesses. It is important to visually confirm that the agar is getting
thinner but not flaky (Figure S2B1) and that the agar still adheres well
when heating is completed. Subsequently, it is important to keep the
slide in a sealed box or tubing to prevent overdehydration. The
imaging was conducted using a Waters Q-TOF instrument (Xevo G2-
XS quadrupole time-of-flight QTOF, Waters, United States) equipped
with a DESI source (DESI XS, Waters, United States). A full scan (m/

z 50−1200, increment = 0.02, MS resolution = 20000) in positive
mode was used to scan an area of 25.5 mm2 (Figure S2B1, sampled
area ∼15 × 1.7 mm). The spatial resolution was set to 100 μm.

Hyperspectral Visualization Based Spatial Metabolome
Profiling
Hyperspectral visualization, which converts highly dimensional data
into straightforward color codes through unsupervised multivariant
analysis, has proven effective in the spatial profiling of microbial
samples.18,38 Multivariant analysis was first performed on the MS data
set to decrease the dimensionality of the data set. A scoring plot was
produced to visualize the clustering status of the data set. The score
for each sampling spot/pixel in the first three dimensions was
translated into red, green, and blue (RGB) values. By assigning RGB
values to the corresponding sampling spot/pixel, a colorful map of the
sampled area was constructed. The features of the MS data set, which
are different m/z values/ranges, were plotted in the form of a
heatmap.18 All hyperspectral visualization related data analyses were
performed by using MATLAB. A relative mass range was plotted in
the heatmaps to reflect the complexity of the matrix on spectral
acquisition and maintain isotopic information to help confirm
molecular signals.

To demonstrate the robustness of the hyperspectral visualization
workflow, data sets from different ionization techniques (DESI and
LMJ-SSP) were tested under two typical types of multivariant analysis
algorithms (PCA: principal component analysis and t-SNE: t-
distributed stochastic neighbor embedding).38 The analysis of P.
tunicata by DESI (Figure S2B1) was tested to demonstrate that the
hyperspectral visualization is not limited to data obtained using the
LMJ-SSP only. Both PCA (typical linear algorithm) and t-SNE
(typical nonlinear algorithm) were tested in the analysis of P. rubra
and P. tunicata (Figure S2B1,D) to show that the workflow is not
algorithm specific.38,39 To further explore an innovative unsupervised
data analysis method for temporal MSI research, hyperspectral
visualization was used on cross streaked P. rubra and P. tunicata
(Figure S2E) at 1 and 24 h after inoculation. Straightforward color
differences, instead of complicated MS spectra, were used to visualize
the metabolomic features of the sample.18

LC−MS Based Metabolomics Analysis
Conventional LC−MS based metabolomics analysis of P. tunicata
extracts was performed. In a similar manner to the extraction protocol
for P. rubra mentioned above, several colonies of P. tunicata were
extracted in a 15 mL polypropylene centrifuge tube (Corning Inc.,
Corning, USA) with 10 mL of methanol/H2O = 1/1. A combination
of vortexing and 30 min of sonication was used to facilitate extraction.
The supernatant was transferred into a 2 mL HPLC vial after
centrifuging (at 10,000g, 5 min). An Agilent 1260 liquid chromato-
graph (Agilent Technologies, Santa Clara, CA, USA) combined with
high-resolution MS (LTQ Orbitrap Velos Pro, ThermoFisher, San
Jose, CA, USA) was used for metabolomics analysis of the extract of
P. tunicata. A reversed phase C18 column (2.1 × 50 mm, 1.7 μm,
Agilent Technologies, Santa Clara, CA, USA) was used for
chromatographic separation. The mobile phase consisted of methanol
(solvent A) and 0.1% formic acid (solvent B). The gradient was as
follows: 15% solvent A from 0 to 3 min, 15−65% solvent A from 3 to
28 min, 65−95% solvent A from 28 to 30 min, 95% solvent A from 30
to 40 min, 95−15% solvent A from 40 to 41 min, and 15% solvent A
from 41 to 50 min. The flow rate was 0.3 mL/min, and the injection
volume was 1 μL. The ESI source condition was set as follows:
positive mode, heater temperature = 350 °C, sheath gas flow rate = 30
arb, aux gas flow rate = 10 arb, spray voltage = 3.5 kV, and capillary
temperature = 290 °C. The MS scanning method was set as follows:
MS1 full scan: m/z 150−2000, MS1 resolution: 30000, data
dependent MS2 = top 10, collision type = collision induced
dissociation (CID), fragmentation energy = 30 V (normalized).
Raw data were uploaded to GNPS (Global Natural Products Social
Molecular Networking) for metabolite annotation (molecular
networking workflow).40
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■ RESULTS AND DISCUSSION

LMJ-SSP Based Direct Sampling Workflow vs
Conventional Direct Sampling Workflow
To evaluate the performance of various direct sampling
methods of MS, P. rubra is chosen as an example as it is
already known to produce various prodiginine compounds.20

As described in the Experimental Section, results from LMJ-
SSP based direct sampling, MALDI-TOF, and direct infusion-
based ESI-MS analysis are presented in Figure 1. Known
prodiginine compounds20 (A: C19H23N3O, 2-methyl-3-butyl
prodigiosin, m/z 310.2; B: C20H23N3O, cycloprodigiosin, m/z
322.2; C: C20H25N3O, prodigiosin, m/z 324.2; D: C21H25N3O,
predicted prodiginine, m/z 336.241; E: C21H27N3O, 2-methyl-
3-hexyl prodigiosin, m/z 338.2, F: C22H29N3O, 2-methl-3-
heptyl prodigiosin m/z 352.2) can be easily spotted from
spectra generated from all three methods. Although the MS
resolution from the LMJ-SSP is much lower than that of the
other analyzer because of the low resolution of tandem
quadrupole MS, it does not limit the identification of the
prodiginine compounds. Furthermore, there is only a small
difference in sensitivity observed among the three spectra from
Figure 1. This is to say, for the preliminary screening of
microbial samples for dominating metabolites, the quality of
data obtained from our LMJ-SSP/MS based workflow is
sufficient.
Although methods such as MALDI and direct infusion ESI

can both generate spectra with similar quality, they each have
different requirements for sample preparation. For direct
infusion-based MS analysis, particles that can clog the tubing
and the use of a matrix that can suppress the ionization are
some of the most significant problems preventing researchers
from direct sampling. A classic liquid extraction process is
therefore usually required. Such a process would usually
require at least half an hour of sample preparation procedures,
such as sonication, centrifugation, or filtration. Finally, several
colonies are usually needed to increase the concentration of
the extract. For MALDI, although protocols like that used by
Biotyper30 can be finished within minutes, significant time is
still needed to transfer the microbial colony sample from the
agar plate to the target plate and deposit the matrix solution for
cocrystallization. Researchers also need to purchase and
regularly prepare costly matrix solutions for MALDI. For
analysis with the LMJ-SSP, no sample preparation is required,
and raw microbial colonies remain intact after sampling as the
LMJ-SSP uses a liquid bridge between probe tip and sample to
acquire analyte/signal.27 The cost for cleaning or replacement
of the tee-joint and fused silica tubing is also very low.
We have developed a rapid and robust workflow for direct

MS analysis on microbial samples using the LMJ-SSP In this
application, the data provided by the LMJ-SSP (with no
sample preparation) are similar to those generated by both
DESI and MALDI approaches. However, alternative ionization
approaches may be well suited to different analyte classes (e.g.,
proteins), which may impact method suitability. To further
increase the throughput for data analysis, a lab developed
software approach is also under development to automate the
discovery of potential natural products from large data sets.
LMJ-SSP vs MALDI and DESI in Microbial Spatial
Metabolome Profiling
MALDI is a classic technique for spatial metabolome research.
The high spatial resolution of MALDI has been demonstrated
in various fields, but sample preparation requirements31,42,43

are potential challenges to its further application. MALDI
sample preparation for colonies of P. rubra and P. tunicata
includes dehydration and matrix deposition. Dehydration
processes for agar need to be monitored continuously to
ensure that the dehydrated agar piece remains flat and adheres
well to the ITO slide. It is difficult to use many parameters
from literature references directly because the majority use an
extremely thin (≈1 mm) agar sample designed for a short-term
incubation that is not compatible with natural product time
frames.44,45 It is critical to ensure that sample surfaces are flat
during and after the matrix deposition and crystallization steps.
Overdehydration makes the sample surface flaky and unable to
absorb matrix solution. Adhesion is essential to make sure that
the sample does not detach when exposed to the vacuum.
Continuous visual inspection of matrix deposition is critical to
ensure that a homogeneous matrix layer is established on the
agar sample.31 It is important that analytes and matrix are
cocrystallized through recurring spray cycles and dehydration
in a desiccator.31 This entire process requires significant
expertise and experience and is time-consuming.
DESI46 has been widely used in spatial metabolomics for its

simplified sample preparation process. Despite its extensive
application, DESI is sensitive to the texture of the sample
surface.35 Both solid and flat surfaces are needed for DESI to
maintain the consistency of signal and spatial resolution due to
the desorption momentum-transfer-based mechanism.36,37,47

For sampling of microbial colonies, a dehydration process that
requires significant manual dexterity and practice (≈2 h of
processing time) is therefore required to ensure the perform-
ance of DESI.
Alternatively, our LMJ-SSP based workflow is more time

efficient with regard to sample preparation and data
acquisition. The liquid bridge on the probe tip, which
minimizes the contact between the sample and probe, makes
direct microbial colony sampling possible.26,27 Significant time
normally required for spatial alignment is saved because the
surface topology of the raw sample can be ignored when using
a conductance feedback loop sampling platform.19 Sample
preparation for MALDI or DESI would cost hours in
dehydration or matrix deposition, whereas a raw microbial
colony can be directly assessed using the LMJ-SSP. Because of
the coarser spatial resolution for the LMJ-SSP (1 mm), fewer
pixels are needed to finish sampling. Therefore, the spatial
profiling of an entire colony (≈1 cm diameter) can be
completed in ≈1 h, whereas imaging only a portion of the
colony (Figure 2C) took close to 2 h using DESI. A
consideration for direct sampling is that the sample is still
growing/dynamic (unlike MALDI/DESI where growth is
halted during sample preparation); if there were relatively
rapid changes to the sample composition, the direct sampling
with the LMJ-SSP may not appropriately capture them given
the length of time required for sample acquisition.
Spatial profiling of microbial colonies is a common process

in the discovery of microbial natural products. Heatmaps,
which combine the intensity of certain m/z and location
information, are usually plotted to visualize the result. P.
tunicata and P. rubra are chosen as they are known to produce
tambjamine38,48 (tambjamine MYP1, [M + H]+ = 354.25;
tambjamine YP1, [M + H]+=356.25) and prodiginine20

compounds (cycloprodigiosin, [M + H]+ = 322.2; prodigiosin,
[M + H]+ = 324.2).
As we can see in Figures 2 and 3, the colonies of P. tunicata

can be well visualized as heatmaps of tambjamines MYP1 and
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YP1 (Figure 2A,B), whereas the interaction between P. rubra
and P. tunicata (Figure 2D,E) can also be visualized as
heatmaps of their natural products. A range of m/z values,
instead of a single m/z value, is used to enhance the contrast of
the heatmap. Spatial resolution generated by both MALDI and
DESI is superior, so we can spot more intricate details of the
colonies. Heat maps of tambjamines MYP1 and YP1 are
impacted by a slight crack in the dehydrated colony at the
center because the DESI signal is vulnerable to surface features
(Figure 2A,B). It is also interesting to note that the boundary
of P. tunicata at the intersection of the two bacterial colonies is
surrounded by metabolites from P. rubra (Figure 3D). Despite
the lower spatial resolution (1 mm), the heatmap from the
LMJ-SSP matches well with the results from both MALDI and
DESI. No doubt micrometer scale resolution could reveal
important information in spatial metabolomics research (for
instance: in situ host−microbe interactions,12 cell scale
diagnosis49) but may not be necessary for all studies.50 Higher
spatial resolution heatmaps from MALDI and DESI tell a
similar story but cost extra time and effort.
Highly Robust Hyperspectral Visualization Workflow
Hyperspectral visualization has been demonstrated as a
straightforward way to interpret MSI data set as it converts
high dimensional molecular features into color-coded images.38

We previously provided preliminary evidence of hyperspectral
visualization as an effective tool in the discovery of microbial

natural products, specifically demonstrating that color differ-
ences were more straightforward to identify than inspecting
individual spectra for changes to metabolite production.18 To
further explore the utilization of hyperspectral visualization-
based MSI, MS data sets generated using different ionization
techniques are tested with different multivariant analysis
methods. Bacteria in different interaction/growth scenarios
are also tested.
In the interaction analysis of P. rubra and P. tunicata (Figure

4B), different multivariate analysis methods are used in the

hyperspectral visualization (Figure 4, part I). Spectra (Figure
4A) from each pixel are clustered in a scoring plot by PCA
(Figure 4C) and t-SNE (Figure 4E). To make the scoring plot
(Figure 4C,E) straightforward, scores of each pixel are
converted to RGB values and assembled into colorful maps
(Figure 4D,F). It is not difficult to tell the difference between
colony and noncolony portions of the sample using hyper-
spectral images without any background metabolites informa-
tion (Figure 4D,F). Different species (P. rubra and P. tunicata)
are also visualized with different colors in their hyperspectral
images (Figure 4D,F).
To demonstrate that the hyperspectral visualization work-

flow is not limited to the LMJ-SSP data, data sets generated by
DESI were also tested (Figure 4, part II). Similarly, the
dimensionality of the data set is reduced first, and an RGB
color-coded map is then generated to visualize molecular
features of the sampled area (Figure 4G). Both PCA (Figure
4H) and t-SNE (Figure 4I) are used for the data set generated
by DESI. As expected, straightforward color maps can be
created to visualize the differences between colony and
noncolony areas (Figure 4H,I). As the spatial resolution of
DESI is high, the crack on the dehydrated colony surface can
also be spotted in the hyperspectral images.
PCA and t-SNE are chosen as typical linear and nonlinear

multivariant analysis methods in the hyperspectral visualization
of P. rubra and P. tunicata. The shape of colonies can be clearly
visualized, and different species are presented with obvious
color differences from unsupervised hyperspectral visualization
(Figure 4D,F,H,I) Although not surprising,38,39,51 it is still
positive to see that hyperspectral visualization can be used with

Figure 2. DESI and LMJ-SSP based spatial profiling (A: heatmap of
m/z 354.25 from DESI; B: heatmap of m/z 356.25 from DESI; C:
colony of P. tunicata before sampling by DESI; D: heatmap of m/z
354.25 from LMJ-SSP; E: heatmap of m/z 356.25 from LMJ-SSP; F:
colony of P. tunicata before sampling by LMJ-SSP).

Figure 3. MS imaging for the same interaction area of P. rubra and P.
tunicata using MALDI and LMJ-SSP (A: photo of the agar plate cross
streaked with P. rubra and P. tunicata; B: heatmap of m/z 321.6−
326.5 by LMJ-SSP; C: heatmap of m/z 353.4−358.2 by LMJ-SSP; D:
heatmap of m/z 321.6−326.5 by MALDI; E: heatmap of m/z 353.4−
358.2 by MALDI).

Figure 4. Robustness of hyperspectral visualization based MSI using
different algorithms (I) and MS techniques (II) (A: 3D plot of data
set acquired by LMJ-SSP; B: photo of sampled area; C: scoring plot
by PCA; D: hyperspectral image of microbial interaction based on
PCA; E: scoring plot by t-SNE; F: hyperspectral image of microbial
interaction based on t-SNE; G: P. tunicata colony sampled by DESI;
H: hyperspectral image based on PCA; I: hyperspectral image based
on t-SNE).
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linear/nonlinear multivariant analysis of microbial interaction
analysis.
PCA and t-SNE have their advantages and disadvantages.

PCA has a straightforward loading plot to help us find specific
m/z corresponding to different colors in the hyperspectral
image, whereas t-SNE has better sensitivity.38,51,52 As robust-
ness and throughput are more important for preliminary
scanning of microbial natural products, PCA was chosen for
the remaining experiments.
Hyperspectral Visualization in (Static and Temporal)
Spatial Metabolome Profiling

PCA based hyperspectral visualization is further explored in
static and temporal microbial interaction analysis. In the spatial
metabolome analysis of microbial interaction (P. rubra and P.
tunicata), hyperspectral visualization can be used to distinguish
molecular profiles from different strains in a straightforward
manner with differential coloring (Figure 5A). Molecular
features (m/z values) corresponding to different species can
also be calculated from RGB values in the hyperspectral
image.18 Different m/z values can indicate a potential natural
product or metabolite. To visualize the distribution of different
m/z, heatmaps are plotted in Figure 5. In this case, an m/z
range including accurate m/z and its isotopic or isomer m/z
values is used for heatmap plotting. It is important to
understand that the pattern of isotopic peaks is critical to
the correct interpretation of m/z values. It is not surprising to
see heatmaps for multiple molecular features match with each
species. As expected, heatmaps of m/z 353.1−358.7 and
321.5−326.6 match with tambjamine compounds from P.
tunicata18,48 and prodiginine compounds from P. rubra.18,20

Among all heatmaps in Figure 5, m/z 304.9−305.4 and 312.9−
313.2 can be observed at the tip of the “V” shape (interaction
area). These could be either shared primary metabolites from
the microorganisms or secondary metabolites of both P. rubra
and P. tunicata (no matches within GNPS). It is interesting to
see how PCA based hyperspectral visualization could be used
in the temporal analysis of microbial samples (Figure 6). After
24 h of cultivation of P. rubra and P. tunicata, the emerging red
and black color is usually used to confirm their growth. In our

research, the data acquired 1 and 24 h after cross streaking on
the agar plate are analyzed together by PCA and visualized as
described before in Figure 6C,D. It is surprising to find out
that the emerging color difference from hyperspectral imaging
in Figure 6C,D can visualize the growth of P. rubra and P.
tunicata better than optical images (Figure 6A,B). Molecular
features (m/z values) related to the growth of P. rubra and P.
tunicata are calculated18 and plotted as D1−D6 in Figure 6.
Tambjamine compounds and prodiginine compounds are
found consistent with the growth of P. tunicata (Figure 6D1)
and P. rubra (Figure 6D3), respectively. Heatmaps of several

Figure 5. Hyperspectral visualization based MSI for monitoring interactions of P. rubra and P. tunicata (A: hyperspectral image of sampled area).

Figure 6. Hyperspectral visualization based MSI on temporal
monitoring of P. rubra and P. tunicata (A: photo of cross streaked
P. rubra and P. tunicata at 0 h after inoculation; B: photo of cross
streaked P. rubra and P. tunicata at 24 h after inoculation; C:
hyperspectral image of the cross streaked area at 0 h after inoculation;
D: hyperspectral image of the cross streaked area at 24 h after
inoculation; D1: heatmap of m/z 353.5−357.3; D2: heatmap of m/z
276.6−279.4; D3: heatmap of m/z 321.7−325.6; D4: heatmap of m/z
337.5−339.7; and D5: heatmap of m/z 352−352.3, D6: heatmap of
m/z 254.7−255.7).
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other molecular features (Figure 6D2,D4,D5,D6) also match
with the growth of P. rubra and P. tunicata. It could be
proposed that they are closely related to microbial growth or
interaction.
Follow-up experiments such as larger-scale culturing,

extraction, fraction collection, and structure characterization
are needed for elucidating the identity and structure of these
metabolites, but our direct spatial metabolome scanning
approach still provides important indicators for microbial
interaction/growth in an extremely rapid and straightforward
manner. No complicated sampling alignment is needed as a
conductance based automated sampling platform is used.18,19

Samples can also be preserved for other follow-up experiments
if needed. Compared with techniques such as nano-DESI,
MALDI, or liquid extraction surface analysis (LESA),
significant advantages in throughput and robustness are
exhibited for the LMJ-SSP sampling platform when milli-
meter-level spatial resolution is sufficient.18,19,27 As our
workflow is also integrated with an unsupervised data analysis
algorithm, no prior metabolic knowledge about microbial
samples is needed.18,38 Connecting metabolites to specific
microorganisms and their interactions is currently a consid-
erable challenge for the natural product community, and the
LMJSSP methods described herein will be an important tool
for making these connections.53,54 Our hyperspectral visual-
ization based nondestructive MSI workflow integrates a rapid/
robust sample technique, and the straightforward data
interpretation method provides an innovative pathway to
explore connections in microbial metabolome analysis.
Integrating Spatial Metabolome Profiling with LC−MS

For microbial sample investigation, one of the most important
steps is to annotate potentially novel natural products within
an untargeted MS data set based on fragmentation data
matching.53 Although various technologies are being rapidly
developed in the analysis of microbial samples, LC−MS
equipped with untargeted tandem MS fragmentation is still the
best option when structure annotation/elucidation is needed.
However, as microbial extracts are extremely complicated, it is
usually difficult for researchers to decide where to begin when
many matches are generated. With few tools or methods
available, a typical workflow is to create connections between
metabolites and microorganisms with, e.g., spatial metabolome
analysis and use the connections to narrow down a target of
interest.53 Our hyperspectral visualization based spatial
metabolome profiling workflow is designed to provide
straightforward navigation for metabolite annotation in a
very rapid and robust way.
Using one of the most popular comparison tools,

metabolome data from untargeted LC-MS analysis of P.
tunicata extract were uploaded to GNPS (Global Natural
Products Social Molecular Network)40 for metabolite
annotation. As expected, many molecular networks (30) can
be visualized with over 600 nodes (119 library hits). From our
earlier result, tambjamine YP1 ([M + H] = m/z 354.25) is
found to be closely related to the growth or development of P.
tunicata. With such a clue, a small molecular network
correlated to tambjamine compounds (Figure 7) could be
found among the large amounts of data. From the
fragmentation pattern of these four compounds (Figure 7), it
can be speculated that m/z 354.3 is a cyclized molecule (likely
tambjamine MYP1),41,48 whereas m/z 370.3 and 342.6 are
noncyclized tambjamine55 potentially with different fatty acid

tails. This is the first time that unknown tambjamine analogues
with different chain lengths of fatty acids have been identified
in P. tunicata. The proposed structures of the tambjamine YP1
analogues observed in the molecular network are supported by
previous biochemical characterization of biosynthetic enzymes
from the tambjamine YP1 pathway. The adenylation enzyme,
TamA, is able to select and activate a range of fatty acids of
different chain lengths; should these be carried through
subsequent steps in the biosynthesis, it would result in the
molecular structures we propose here.21,56,57 Ultimately, the
synchronous utility of various fatty acids during the early
growth of P. tunicata also demonstrated their vital role to
microbial growth.21,57 This observation demonstrates how
results from spatial metabolome analysis can be used to
advance not only molecule discovery but also our under-
standing of microbial processes such as biosynthesis of natural
products.

■ CONCLUSIONS
Using the LMJ-SSP with automated sampling, microbial
samples grown on agar plates can be rapidly scanned without
sample preparation. The performance of the LMJ-SSP is
demonstrated to be functionally equivalent to commercialized
MS based microbial analysis methods (e.g., MALDI, direct
infusion) in natural product discovery research on Pseudoalter-
omonas. Our lab-developed autosampling platform is robust for
analyzing typical microbial agar plates, and no complicated
spatial alignment is needed for experimental setup. Samples
can also be preserved for follow-up and temporal experiments.
Little background knowledge about metabolite identity is
needed for making connections53 as hyperspectral visualization
is established based on unsupervised data analysis algo-
rithms.18,38 Therefore, color-coded hyperspectral images18,38

generated directly from agar plates could provide rapid
navigation for typical metabolite annotation.53

LMJ-SSP combined with hyperspectral visualization is a
rapid and robust workflow for the spatial metabolome profiling
of microbial agar plates. The workflow we describe here is not
limited to a specific MS technique or data analysis method;
indeed, different sampling techniques and data analysis
methods could be adopted in the workflow we have presented.
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Figure 7. Identification of the molecular network containing
tambjamine analogues with different fatty amine tails using the
guidance from hyperspectral MSI.
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Additional experimental details, materials, and methods,
including photographs of experimental setup; Figures
S1−S3; data to demonstrate schematic of LMJ-SSP; and
agar plate being sampled in the current research (PDF)
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