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ABSTRACT Communication within the microbiome occurs through an immense diver-
sity of small molecules. Capturing these microbial interactions is a significant challenge
due to the complexity of the exometabolome and its sensitivity to environmental stim-
uli. Traditional methods for acquiring exometabolomic data from interacting microor-
ganisms are limited by their low throughput or lack of sampling depth. To address this
challenge, we introduce subtapping (short for substrate tapping), a technique for tap-
ping into extracellular metabolites that are being transferred through the growth sub-
strate during coculture. High-throughput subtapping is made possible by a new cocul-
turing platform, named SubTap, that we engineered to resemble a 96-well plate. The
three-dimensional (3D) printed SubTap platform captures the exometabolome in an
agar compartment that connects physically separated growth chambers, which permits
cell growth without competition for space. We show how SubTap facilitates replicable
and quick detection of exometabolites via direct infusion mass spectrometry analysis.
Using bacterial isolates from the soil, we apply SubTap to characterize the effects of
growth medium, growth duration, and mixed versus unmixed coculturing on the exo-
metabolome. Finally, we demonstrate SubTap’s versatility by interrogating microbial
interactions in multicultures with up to four strains.

IMPORTANCE Improvements in experimental techniques and instrumentation have led
to the discovery that the microbiome plays an essential role in human and environ-
mental health. Nevertheless, there remain major impediments to conducting large-scale
interrogations of the microbiome in a high-throughput manner, particularly in the field
of exometabolomics. Existing methods to coculture microorganisms and interrogate
their interactions are labor-intensive and low throughput. This inspired us to develop a
solution for coculturing that was (i) open source, (ii) inexpensive, (iii) scalable, (iv) cus-
tomizable, and (v) compatible with existing mass spectrometry instrumentation. Here,
we present SubTap—a 3D printed coculturing platform that permits tapping directly
into the growth substrate between physically separated, but interconnected, growth
compartments. SubTap allows multiculture (with up to four distinct growth compart-
ments) in spatially mixed or unmixed configurations and enables repeatable results
with mass spectrometry, as shown by our validation with known compounds and cul-
tures of one to four organisms.
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Cells live in dense communities and interact through a diverse repertoire of small
molecules. Capturing these extracellular metabolites (i.e., the exometabolome) by

mass spectrometry provides a window into how cells transform and respond to their
environment (1). Exometabolomics has been used to disentangle networks of
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interactions among cells from environments spanning the soil (2), human gut (3), and
ocean (4). Furthermore, exometabolomics has been applied to optimize fermentation
(5) and monitor contaminants (6) in industrial processes. Exometabolomes are chal-
lenging to study because of their immense diversity of compounds (7) and variability
over time or in response to abiotic or biotic stimuli (8–10). Hence, it is often necessary
to collect exometabolomic data across many replicates, environmental conditions,
time points, and combinations of cell types or species. While high-throughput techni-
ques for mass spectrometry currently exist (11), there remains a dearth of easily acces-
sible methods for capturing exometabolomes in parallel across many conditions with
limited sample manipulation (12). In particular, there are few approaches for scaling
coculturing to thousands of combinations of organisms or cell types that interface
with standard high-throughput instrumentation.

Growing different organisms together is often difficult because they compete for the
same space and resources, resulting in a loss of diversity. Traditional coculturing experi-
ments are carried out in liquid bioreactors or transwell systems (13), which may employ a
membrane to physically separate different organisms or cell types. Cocultures can range
in size from liters to microliters, allowing for considerable high-throughput replication of
experiments. For example, the nanoporous microscale microbial incubator device consists
of interconnected microwells that permit intercellular communication while maintaining
physical separation (14). Although such systems avoid competition for space, they do not
capture the exometabolome separately from the growing cells. Hence, these liquid sys-
tems typically necessitate laborious procedures to isolate, concentrate, purify, or extract
the exometabolome (15). Coculturing on solid medium is sometimes preferable because
spatial structuring is preserved and the exometabolome can be captured in a spatially
explicit manner (16–18). Solid medium also elicits the production of natural products that
many microorganisms will not readily produce in liquid media (19). A major drawback of
culturing on solid media is that it is often low throughput, as methods relying on petri
dishes fail to scale to the number of samples required to comprehensively study intercel-
lular interactions among many cell types or species. Microscale platforms have been
developed to miniaturize coculturing (20), but these systems require customization and
machining that present barriers to their widespread adoption.

To address these challenges, we developed a technique called subtapping, short
for substrate tapping, which is analogous to wiretapping (i.e., listening in on) but for a
growth substrate. Subtapping uses a versatile three-dimensional (3D) printed platform,
called SubTap, which we engineered to tap into the communal growth substrate
shared by adjacent growth compartments. The SubTap platform is designed to adapt
to experimental protocols that make use of a standard 96-well plate format. Since the
SubTap design schematics are open source, it is easily modified to allow splitting of
each well into one to four compartments for growing different organisms or cell types
in mixed or unmixed cocultures. SubTap can be 3D printed at low cost, enabling the
growth of thousands of cocultures with relatively little expense and effort in compari-
son to previous experimental systems. We demonstrate our approach’s ease of use by
employing a mixture of known compounds at different concentrations. Coupling the
SubTap with high-throughput mass spectrometry, we characterize cocultures of five
different bacterial strains and putatively identify compounds attributable to different
organisms. Taken together, these features empower SubTap users to coculture at pre-
viously intractable experimental scales and make way for the decrypting of complex
microbial interactions.

RESULTS

We sought to develop a relatively inexpensive technique for coculturing in high
throughput and acquiring exometabolomic data by mass spectrometry. To this end,
we modeled prototypes based on standard 96-well plates for their compatibility with
existing protocols and equipment. Designs were developed in OpenSCAD and 3D
printed on an Ultimaker 21 with polylactic acid (PLA), which is automatically sterilized

Birer-Williams et al.

July/August 2021 Volume 6 Issue 4 e00902-21 msystems.asm.org 2

https://msystems.asm.org


during the printing process (21). Importantly, PLA had no noticeable effect on bacterial
growth compared to standard 96-well plates (see Fig. S1 in the supplemental material).
To investigate further, we compared the final colony area after 64 h of growth for 12
replicates of the three tested strains that did not completely cover the well during this
time and found no statistically significant difference (Mann-Whitney test P values of
0.82, 0.93, and 0.20).

We iteratively modified the SubTap design after testing each prototype in the labora-
tory. The final SubTap design consisted of two interlocking plates (Fig. 1a), the top culture
plate and the bottom analysis plate, separated by a 0.2-mm membrane. The membrane
prevents bacteria that can grow into agar from traversing between compartments and
enables us to easily disconnect the growth substrate from the cells. Each well of the cul-
ture plate is split into one to four compartments per user specification and filled with
agar medium (Fig. 1b). Wells are separated by 2-mm-thick walls to prevent interwell leak-
age. A key design feature is that the membrane is printed within the culture plate by
pausing the 3D printer during the print and gluing down a 0.2-mm membrane before
printing resumes. This membrane is then cut along grooves between wells to avoid the
possibility of cross-contamination due to wicking. Each SubTap was fabricated at a cost of
$5.71 (6¢/sample) using a standard 3D printer, which includes $2.88 for 3D printer fila-
ment and $2.83 for membrane.

Well A1 was used to hold a vial of external standard that serves as a quality control
(QC) for mass spectrometry. Thus, the analysis plate consists of 95 sample wells that
each contain 30 ml of agar. Separate compartments on each well of the culture plate
are inoculated with different strains or cell types. Cells communicate by secreting com-
pounds that diffuse through the membrane, into the agar pad below, and between ad-
jacent compartments, which permits intercellular communication without competition
for space. As shown in Fig. 1c, the culture plate is removed after cell growth, and the
exometabolome is captured in the 95 agar pads on the analysis plate below. These
agar pads can then be rapidly dried and frozen before analysis. We chose to perform
nanoelectrospray ionization (nESI) direct-infusion mass spectrometry (DIMS) for its rela-
tively low cost and rapid analysis time (22), although the SubTap platform is compati-
ble with other techniques capable of handling standard microwell plates. Briefly, we
used liquid extraction surface analysis mass spectrometry (LESA-MS) to directly extract
metabolites and inject the solvent into a mass spectrometer via nESI (23). Untargeted
metabolomic data were acquired using a spectral stitching technique (24) for a total

FIG 1 Views of the SubTap platform. (a) The culture plate (1) interlocks with an analysis plate (2) and an
elevator plate (3). (b) Wells of the culture plate can be divided in two, three, or four compartments. The
pigmented exometabolome of S. coelicolor diffuses through the soft agar and the 0.2-mm membrane,
resulting in a color change in adjacent compartments absent bacteria. Separate wells are merged into a
single image here for clarity. (c) A cross-sectional view of the platform. The well is divided into two
compartments to separate the growth of different bacteria. The exometabolome of both bacteria
diffuses through 60 ml of agar and the 0.2-mm membrane into the 20 ml of agar below. The
exometabolome is captured after removal of the culture plate. The agar in the analysis plate is dried
prior to analysis.
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collection time of less than 5 min per sample (see Materials and Methods). We chose to
use MS1 as a high-throughput approach for screening purposes, which tolerate a
higher false discovery rate, and follow-up with lower-throughput techniques for
validation.

Detection of a known compoundmixture by subtapping.We characterized SubTap
using a mixture of 26 known compounds across seven concentrations (Fig. 2). Almost all
compounds were putatively detected in at least one of the seven replicates (1 to 6
adducts per compound; 5 ppm tolerance; see Table S1 in the supplemental material).
Four compounds were not detected at any concentration within the surface-extracted
agar samples, but they were putatively detected by direct mixture injection (Table S2 and
Fig. S2). We hypothesized that these compounds were undetectable due to charge com-
petition with molecules coextracted from the agar (25), indicating that some exometabo-
lites might be challenging to detect in the presence of an agar background. At the high-
est concentration (66.7 mM) of compounds tested using the SubTap platform, an average
of 80% 6 2% of the 26 compounds were putatively detected per replicate, which was
comparable to directly injecting the mixture of 26 compounds without use of the plat-
form at 125 mM or 25 mM (81% 6 16% and 86% 6 8%, respectively). However, at lower
concentrations (#1 mM), fewer compounds were detected using SubTap (47% 6 7% at
0.67 mM) than through direct injection of the 26-compound mixture (74% 6 9% at
0.25 mM). We tested whether this effect was due to the drying step associated with the
SubTap process, but drying the 26-compound mixture, resolubilizing in extraction sol-
vent, and then injecting at 25 mM did not cause any loss of detection compared to
directly injecting the mixture (86% 6 6% and 86% 6 8%, respectively). We suspect that
ion suppression from compounds in the agar is the primary reason for decreased detec-
tion at lower concentrations relative to the direct injection method. Notwithstanding this
limitation, our approach permitted the detection of approximately half of the compounds
at 1mM concentration.

High repeatability of coculture exometabolomes by subtapping. Having charac-
terized SubTap’s performance with known compounds, we next sought to validate the
platform with biological samples. To this end, we employed a panel of six soil bacteria,
including two sets of two bacteria that each belong to the same genus, as diverse rep-
resentatives of the microbiome (Fig. S3). Strains were grown alone and in pairwise
competition via adjacent compartments connected through the same analysis plate
well. Exometabolomes were captured on two different media (Luria-Bertani [LB] and
nutrient broth [NB]) and on LB at two different time points (4 and 6 days after inocula-
tion), with wells divided in two compartments for unmixed culture of two strains or
with the same strain in each compartment for monoculture. As expected, principal
coordinate analysis (PCoA) of the exometabolomes revealed a clustering of samples

FIG 2 The proportion of known compounds detected decreased with compound concentration.
Mixtures of 26 known compounds after 2 days of diffusion through agar (green squares) in the
SubTap platform became less detectable at lower concentration. In contrast, direct injection of the
compound mixture (purple circles) still allowed for a high fraction of the compounds to be detected
at lower concentrations. Drying the compound mixture (blue diamonds) prior to direct injection had
no discernible effect. Note the log scaled x axis. Random jitter was added to points in the x direction
for clarity.

Birer-Williams et al.

July/August 2021 Volume 6 Issue 4 e00902-21 msystems.asm.org 4

https://msystems.asm.org


into groups of biological replicates that were more like each other than other samples
(Fig. 3).

We performed permutational multivariate analysis of variance (PERMANOVA) to an-
alyze the effect of experimental variables on the clustering of exometabolomes. In the
experiment comparing time points (Fig. 3a), the strain explained 74.3% of the variance,
the time of collection explained 5.7%, and the interaction of time and strain explained
7.5%, leaving 12.5% of the variance unexplained (time, F1,86 = 29.92, P , 0.001,
R2 = 0.057; strains, F10,86 = 39.22, P , 0.001, R2 = 0.743; interaction of time and strains,
F9,86 = 4.42, P , 0.001, R2 = 0.075). We believe the relatively small effect of collection
time on the exometabolome could be due to the exometabolome reaching steady
state before the first time point or the disproportionate influence of strain compared
to sampling time. In the experiment comparing LB and NB media (Fig. 3b), the type of
medium explained 30.9% of the variance in m/z features, the strain explained another
43.8%, and the interaction of media and strains explained 18.9%, leaving only 6.4%
of the variance unexplained (media, F1,96 = 368.88, P , 0.001, R2 = 0.309; strains,
F10,96 = 52.33, P , 0.001, R2 = 0.437; interaction of media and strains, F9,96 = 25.19,
P , 0.001, R22 = 0.189). These results validated SubTap’s utility for coculturing and our
ability to extract meaningful information due to the high repeatability of exometabo-
lomes across biological replicates.

Putative identification of exometabolites with tandem MS. Given that groups of
cultures were distinguishable by their mass spectra (MS1), we wished to identify m/z fea-
tures only present in specific culture groups. To this end, we selected the most intense
m/z features detected only in one or two monoculture or coculture samples from the 11
sample groups belonging to the experiment on NB medium after 4 days of growth (e.g.,
Fig. S4). We performed tandem mass spectrometry (MS2) using the two remaining repli-
cates (of eight total) belonging to each of the 11 coculture groups, resulting in successful
acquisition of MS2 data for 80% to 90% of targeted parent (MS1) ions per sample. These
spectra were submitted to the GNPS platform (26), which putatively identified 62 of the
m/z features (Table S3). We focused on four compounds of relatively high molecular
weight because our targeted MS1 spectra in direct infusion were devoid of interfering
peaks in these regions. Two putative identifications were the siderophores proferriox-
amine G1t (m/z 520.3554) and desferrioxamine E (m/z 588.2620), which were found only

FIG 3 Clustering of samples into groups of biological replicates. Principal coordinate analysis (PCoA) of the matrix of Bray-Curtis sample dissimilarities
captures differences in the diversity of the exometabolome. The tight clustering of biological replicates validates SubTap's utility for exometabolomics. (a)
The exometabolome of six soil bacteria grown on LB medium varied with the duration of growth, 4 or 6 days, and strain interactions. (b) The
exometabolome of six soil bacteria at 4 days on LB and NB media varied with growth medium and strain interactions. var., variance; Mono, monoculture;
Cocu, coculture.
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in cultures containing Streptomyces coelicolor. Similarly, the siderophore desferrioxamine
B (m/z 585.8080) was found only in cultures containing Arthrobacter species 2 (sp2), and
coelichelin (m/z 601.2949) in cultures containing Bacillus sp.

Mixed versus unmixed cocultures have distinct exometabolomes. A major advant-
age of SubTap’s versatility is that strains can be easily grown in mixed (one compartment)
or unmixed (two or more compartments) coculture. Unmixed coculturing permits the
strains to grow without competition for space, which assists with coculturing when there
are large differences in growth rates or lag times. PCoA of exometabolomes revealed sub-
stantial differences between mixed and unmixed cocultures (Fig. S5a). Bacillus domi-
nated each of its mixed cocultures, which exhibited similar exometabolomes to the
Bacillus monoculture. In contrast, the exometabolomes of unmixed cocultures with
Bacillus and other strains never clustered with the Bacillus monoculture (adjusted P
value [p-adj] , 0.004; Tukey’s test), suggesting Bacillus could not dominate without
competition for space. Similarly, mixed cocultures between Streptomyces coelicolor
and Arthrobacter sp2 or Streptomyces strain 18 (s18) clustered with the S. coelicolor
monoculture, but unmixed cultures did not (p-adj , 0.003).

The customizability of SubTap enables wells of the culture plate to be divided into
three or four equal-area compartments for unmixed multiculturing. We used PCoA to
compare the exometabolomes of every possible combination of four strains (Fig. S5b).
S. coelicolor and Bacillus clearly dominated the exometabolomes when they were
grown with Streptomyces s18 and/or Arthrobacter. However, whenever S. coelicolor or
Bacillus was grown together (unmixed), the exometabolome appeared between those
of either strain individually (Fig. S5b). Taken together, these results highlight the merits
of unmixed subtapping for studying coculture exometabolomes in cases where com-
petition for space may prevent mixed growth.

To further investigate this data set, we identified the subset of 43 observed m/z fea-
tures (Table S4) matching compounds that are known to be produced by S. coelicolor
present in StreptomeDB (27). Several of thesem/z features were observed only in samples
containing S. coelicolor (Fig. S6). For example, we observed the antibiotic actinorhodin
along with its precursors {e.g., 4-dihydro-9-hydroxy-1-methyl-10-oxo-3-H-naptho-[2,3-c]-
pyran-3-(S)-acetic acid [(S)-DNPA] and kalafungin (28)}. The precursors were always pres-
ent with S. coelicolor and absent without, except when S. coelicolor was mixed with
Bacillus in pairwise coculture where Bacillus dominated. In contrast, the actinorhodin final
product was observed only when S. coelicolor was grown with two or three other strains,
suggesting its production might be elicited by increased competition.

Attributing production of m/z features to specific strains. We considered whether
it would be feasible to capitalize on SubTap’s design to pinpoint which strain was re-
sponsible for the production of each m/z feature. We formulated this problem as solv-
ing for each strain’s contribution to every m/z feature given the known presence or ab-
sence of strains across samples (see Materials and Methods). This required the
assumption that all strains grew when present, so we limited the analysis to unmixed
cocultures where strains were grown in separate, but connected, compartments. This
resulted in a matrix of attributable intensities for each m/z feature, with many features
being attributable to more than one strain (Fig. 4). In total, 17% of m/z features were
attributable to all four strains, 24% to three strains, 36% to two strains, and 23% were
attributable to a single strain. S. coelicolor was attributed to 63% of m/z features,
Bacillus to 60%, Streptomyces s18 to 60%, and Arthrobacter to 52%. Overall, this analysis
demonstrated the ability to attribute the contribution of specific m/z features to indi-
vidual strains using coculture mass spectrometry data.

DISCUSSION

The SubTap platform fills a void in high-throughput coculturing by enabling flexible
experimental designs with many replicates for relatively low cost. In principle, subtap-
ping could be used with other analytical techniques to capture different facets of inter-
cellular communication. We chose to use DIMS for higher throughput, albeit lower mo-
lecular coverage, than other techniques utilizing pre-mass analysis chromatographic
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separations. The collection window (61 m/z) of parent ions made it difficult to capture
clean MS2 spectra with direct injection, because it required high intensity targets with-
out nearby competitor peaks of similar intensity. Nevertheless, SubTap is designed to
work with most experimental instruments that can accommodate standard 96-well
plate format, and pre-mass analysis chromatography steps can readily be adapted to
minimize MS1 overlap and increase confidence in molecular annotations of detected
ions. These chromatography steps are not limited to conventional methods like liquid
or gas chromatography. The SubTap works readily with commercially available auto-
mated solid-phase extraction devices that can be coupled to mass spectrometers (29),
even those with postionization/pre-mass analysis ion mobility separation (30).

The use of 3D printing permits customizable experimental designs. Source files for
SubTap are available online (https://www.thingiverse.com/thing:4644466), and users
only need to specify the number of compartments required in each of the sample
wells. The downside of 3D printing is its relatively slow speed, requiring a little less
than 1 day to print each SubTap on a standard 3D printer. Injection molding would
present a significantly faster solution for large-scale production. Still, SubTap in many
ways represents an advance over previous coculturing designs that require machining,
nonstandard equipment, or significant labor. Production of the SubTap is relatively
labor free, which greatly reduces its total cost relative to many other coculturing devi-
ces and is accessible to many research laboratories thanks to the low cost of 3D print-
ers. We anticipate that SubTap can be widely adopted for many purposes and unlock
new discoveries in intercellular communication.

FIG 4 Attribution of m/z features to specific strains. The average intensity of each m/z feature is
shown for the (unmixed) coculturing of four strains on NB medium after 6 days of growth. Samples
(rows) are clustered based on their similarity, as shown by the dendrogram. This matrix of intensities
was used in conjunction with the known presence or absence of each organism to solve for the
amount of intensity attributable to each strain (bottom). Each column represents an m/z feature, with
(top and bottom) columns sorted by their attributed producers and intensity (bottom). Many m/z
features were produced by all strains, while a subset was attributable to a single strain.
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MATERIALS ANDMETHODS
SubTap, a 3D printed interlocked platform to capture the exometabolome. We have developed

and characterized SubTap, a 3D printed platform for capturing the exometabolome of microorganisms
in high throughput. SubTap was designed using OpenSCAD (v2015.03) and then transformed with Cura
(v3.5) for printing with polylactic acid (PLA; MatterHackers) 3-mm filament using an Ultimaker 21 3D
printer. We printed all pieces using a 0.4-mm nozzle and 50% infill. As shown in Fig. 1a, the platform is
composed of two 3D printed plates that interlock. The culture plate (Fig. 1a) has 96 square wells that
can be divided into two, three, or four compartments by a 2-mm wall (Fig. 1b), allowing the unmixed co-
culture of two or more different bacterial strains in each well. The culture plate contains 60 ml of soft
(0.5%) agar medium per compartment when each well is divided into two or three compartments and
40 ml when divided into four compartments. Upon assembly, the culture plate is manually clipped into
the analysis plate (Fig. 1a), which contains 95 square wells and a space in well A1 for a typical high per-
formance liquid chromatography (HPLC) autosampler vial containing an external defined quality control.
The analysis plate contains 30ml of soft agar per well. During 3D printing, a 0.2-mm polycarbonate track-
etched membrane filter (GVS; Sanford) is embedded in the culture plate by pausing at a layer height of
7.2 mm and gluing down the membrane before resuming the print. This membrane allows for the diffu-
sion of metabolites into the analysis plate, while preventing microorganisms from growing into the bot-
tom wells. The bottom of the culture plate contains grooves that assist in quickly cutting the membrane
between wells to avoid cross-contamination through wicking. In order to adjust the elevation of the
analysis plate for automated sampling, the analysis plate is placed on top of an elevator plate (Fig. 1a),
which can be reused for many analysis plates.

Mixture of 26 known compounds. To assess technical variability and characterize the platform, we
tested our ability to detect 26 known compounds in equimolar mixes at different concentrations. The 26
known compounds selected for this study range from an exact mass of 121.0738 to 733.4612 g/mol (see
Table S2 in the supplemental material). Equimolar solutions containing all compounds were created at
seven different concentrations: 1,000, 500, 100, 50, 10, 5, and 1 mM. We added 5 ml of each mix in both
compartments (10 ml per well), with seven technical replicates for each mixture concentration. The
SubTap was then covered by a thin layer of parafilm to prevent desiccation and incubated for 2 days at
37°C to mimic conditions of microbial metabolite diffusion in the soft agar. After removal of the culture
plate, agar pads on the analysis plate were dried under a fan at room temperature for 2 h and then
stored at 220°C. Samples were automatically extracted with 15 ml of 70% methanol (MeOH) and 0.1%
formic acid using an Advion TriVersa Nanomate and injected into a Thermo Velos mass spectrometer as
described below.

Under the assumption that the diffusion of all compounds was homogenous in the agar, and the
extraction is 100% efficient, a maximum of 66.67, 33.33, 6.67, 3.33, 0.67, 0.33, and 0.07 mM concentration
solutions were directly injected. To test whether the undetected compounds were a consequence of ex-
perimental processes (i.e., diffusion, extraction, and matrix effects) or of ionization issues, 10-ml portions
of seven replicates of each mix were diluted to 25% with 70% MeOH and 0.1% formic acid and directly
injected into the mass spectrometer. This resulted in 250, 125, 25, 12.5, 2.5, 1.25, and 0.25 mM solutions
directly injected in the mass spectrometer. To test whether the undetected compounds resulted from
desiccation of the agar pad, five replicates of the mix at a concentration of 100 mM were diluted to 25%
with 70% MeOH before drying and resuspending in the same volume of 70% MeOH, resulting in a
25mM solution directly injected in the mass spectrometer.

All statistical analyses were carried out in R (v4.0.2) (31). In order to detect how many of the 26
known compounds had diffused through the system, we searched for 23 possible adducts (Table S1)
with a tolerance of 5 ppm using the function match.closest in the MALDIquant package (32). A com-
pound was considered detected if one or more adducts were identified in a well.

Coculturing of soil isolates. The SubTap can be used to culture cells in a controlled environment
with stimuli of interest (e.g., drug candidates, antibiotics, extracts). We isolated five bacteria from the
same soil sample and identified them as Streptomyces s18 (St. s18), Bacillus sp. (Ba. sp), Arthrobacter sp1
(Ar. sp1), Arthrobacter sp2 (Ar. sp2), and Aminobacter sp. (Am. sp) by sequencing their 16S rRNA gene
(GenBank accession numbers MW041646 to MW041650). Streptomyces coelicolor M145 (St. coe) was
used as a positive control. MS1 data were collected for six replicates of monocultures of each strain as
well as pairwise cocultures of strain St. s18 with Ba. sp, Ar. sp1, Ar. sp2, Am. sp, and St. coe. To explore
the ability of the platform to detect small changes in the exometabolome at different time points, two
replicate SubTap plates containing Luria-Bertani (25 g/liter) agar medium were incubated for 4 days and
6 days. Similarly, a third SubTap was made with nutrient broth (8 g/liter) agar and incubated 4 days to
evaluate the impact of medium on the exometabolome. For each sample, 5 ml of cell suspension con-
taining 106 cells per ml was added to both compartments of a well for monoculture, in separate com-
partments of a well for unmixed coculture, and 2.5 ml per strain mixed in each compartment of a well
for mixed coculture. The SubTap was protected using parafilm or Breathe Easy membranes (Research
Products International) to prevent desiccation before incubating at 28°C. Once the incubation period
ended, the culture plate was removed, and agar pads on the analysis plate were dried under a fan at
room temperature for 2 h before storing at 220°C.

To explore the utility of SubTap for use with more than two interacting strains in mixed or unmixed
coculture, a fourth plate was tested with NB medium after 6 days of incubation. Here, four bacterial
strains were selected for coculturing (St. s18, Ba. sp, Ar. sp2, and St. coe). This SubTap included monocul-
tures of each strain, mixed cocultures of the four strains in pairs, and unmixed cultures of two to four
strains. All other steps were identical to those previously described.
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Acquisition of direct-infusion mass spectrometry (DIMS) data. All mass spectrometry was per-
formed at the Environmental Molecular Science Laboratory on the campus of Pacific Northwest National
Laboratory (PNNL). We used a Triversa Nanomate (Advion) coupled to a high-resolution MS (Thermo
Scientific Velos LTQ Pro Orbitrap) to perform LESA-MS analysis (23). For all analyses, the 96-well plates
were maintained at 10°C. The agar pads of the analysis plate were subjected to individual extraction by
an organic solvent mixture containing 70% methanol and 0.1% formic acid. The pipette was loaded with
20 ml of the extraction solution, 15 ml was dispensed onto the agar pad, and the solution remained on
the sample for 4 s before aspirating 5 ml back into the pipette. The extract was directly injected into the
MS through the Advion nanochip (5-mm nominal internal diameter nozzle chip). In order to detect prob-
lems with injection or acquisition, an external defined quality control (part number G1969-85000;
Agilent), stored in position A1, was injected every 10 samples.

MS data were acquired following the spectral-stitching method where data are measured in several
overlapping m/z windows and subsequently “stitched” together to create a complete mass spectrum
(24). Full mass spectra were taken across the entire mass range and followed by a series of 100 m/z wide
window scans. A 30-s wait period was established to allow for nESI spray stabilization prior to acquisi-
tion. The mass spectrometer was configured with the following parameters: mass resolution at 200 m/z
of 100 K, full scans of 70 to 1,200 m/z, and 16 total window scans of 100 m/z selected ion monitoring
(SIM) with 30 m/z overlap between windows, all with a 106 AGC target. Window scans across the m/z
range required;15-s acquisition time. This process was repeated seven times per m/z window, the total
time per injection was approximately 5 min.

Processing of mass spectrometry data. Mass spectra were processed by scan stitching, noise re-
moval, peak picking, and peak alignment using the Python (v2.7.15) package DIMSpy (v1.3.0) and its
standard operating procedure (24). First, SIM windows from 780 m/z to 1,200 m/z were discarded due to
consistently low intensity. Then, the remaining SIM windows were stitched together, noise was removed
with the noise_packets function using a minimum signal-to-noise ratio (SNR) of 3, and peaks were
detected with a maximum mass tolerance of 3 ppm across replicate scans of the same sample. Finally,
peaks were aligned across all samples with a maximum mass tolerance of 3 ppm in order to obtain a ma-
trix of peak intensity by sample.

Sample injection control and filtering steps were carried out in R (v 4.0.2) (31). For sample injection
control, principal coordinate analysis was performed on the pairwise Bray–Curtis dissimilarities of the
peak matrix normalized by the sum of sample intensities. Defined QC samples were removed from the
peak matrix after verifying that they clustered together and apart from other samples on the PCoA plot.
Then, values were log transformed and filtered following two steps: filtering features present in blank
(medium only) samples and filtering features based on the percentage of missing values. Background
subtraction followed the data-adaptative procedure developed by Schiffman et al. (33) that considers
the number of blanks in which each feature is detected and assigns cutoffs according to the background
noise. Filtering based on blank samples was performed separately for each experiment. The m/z features
which had more than 80% missing values throughout all samples were removed if they were also miss-
ing in more than 20% of biological replicates.

The effects of experimental factors and their interactions were assessed with a permutational multi-
variate analysis of variance (PERMANOVA) and visualized with principal coordinate analysis performed
on the pairwise Bray-Curtis dissimilarities of the peak matrix. For some samples, multilevel pairwise com-
parison of PERMANOVA were run with false discovery rate correction on the pairwise Bray-Curtis dissimi-
larities of the peak matrix. Also, m/z features [M1H]1 found in samples with Streptomyces coelicolor
were compared with the expected exact mass of [M1H]1 adducts of known compounds of S. coelicolor
present in StrepomeDB (v3) (27) within 15 ppm.

We formulated the problem of attributing each m/z feature to its producer(s) as Ax ¼ b, where A is
the binary matrix of samples by bacteria (where 1 is present and 0 is absent), b is the log of average in-
tensity for each m/z feature across replicate samples, and x is the amount of that intensity attributable
to each bacterium. This formulation assumes the following. (i) The features are independent. (ii) All
strains must have grown when present. (iii) If a strain can produce a feature, then it does. (iv) Variability
in intensity is normally distributed in log space. If we assume m/z features cannot be destroyed (i.e., no
negative production), then this problem can be solved using nonnegative least squares. We used the se-
quential coordinate-wise algorithm (34) to solve for x separately for each feature. The result was used to
reorder a heatmap of the observed intensities such that m/z features were grouped by the strain(s) to
which they were attributed (Fig. 4).

Acquisition and processing of tandem mass spectrometry data. Tandem mass spectrometry data
were acquired for the experiment with NB medium at 4 days of growth. We selected m/z features pres-
ent at high intensity in 100% of the six replicates of one or two samples and absent in all other samples
(e.g., see Fig. S5 in the supplemental material). This resulted in 11 lists of targeted m/z features for tan-
dem mass spectrometry on the two remaining sample replicates of each monoculture and coculture.
Extraction and injection in the mass spectrometer were identical to the procedure for acquiring MS1
data (see above), but the MS data acquisition method was modified to acquire MS2 between full spectral
scans. Specifically, an overall MS scan was collected and then another every seventh scan thereafter. For
the interim six MS scans, collision-induced dissociation (CID) fragmentation was performed on the target
peaks if it was detected in the full spectral scan (using a new target peak every cycle). The acquisition
time per injection was 12 min.

Tandem mass spectrometry data were processed under R with package xcms (35), after files were
transformed into mzml format with ProteoWizard (v3) (36). To control the percentage of targeted m/z
features leading to the acquisition of fragmentation spectra, mzml files were processed with the
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function match.closest from MALDIquant (32). Also, mzml files were uploaded to GNPS to run a spectral
library search leading to the putative identification of compounds (26). Library matches were kept if
their cosine score was at least 0.7 and they shared six or more fragments.
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