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The toolbox available for microbiologists to study interspecies interactions is rapidly
growing, and with continuously more advanced instruments, we are able to expand our
knowledge on establishment and function of microbial communities. However, unravelling
molecular interspecies interactions in complex biological systems remains a challenge,
and interactions are therefore often studied in simplified communities. Here we perform an
in-depth characterization of an observed interspecies interaction between two co-isolated
bacteria, Xanthomonas retroflexus and Paenibacillus amylolyticus. Using microsensor
measurements for mapping the chemical environment, we show how X. retroflexus
promoted an alkalization of its local environment through degradation of amino acids
and release of ammonia. When the two species were grown in proximity, the modified
local environment induced a morphological change and growth of P. amylolyticus followed
by sporulation. 2D spatial metabolomics enabled visualization and mapping of the
degradation of oligopeptide structures by X. retroflexus and morphological changes of
P. amylolyticus through e.g. the release of membrane-associated metabolites. Proteome
analysis and microscopy were used to validate the shift from vegetative growth towards
sporulation. In summary, we demonstrate how environmental profiing by combined
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application of microsensor, microscopy, metabolomics and proteomics approaches can
reveal growth and sporulation promoting effects resulting from interspecies interactions.

Keywords: pH stabilization, omics, sporulation, microsensor, interspecies interactions

INTRODUCTION

Natural microbial communities often host a plethora of different
species, where environmental factors such as pH, O,
temperature and water availability are known to dictate
community diversity and largely drive its development through
sharp environmental gradients (de Wit and Bouvier, 2006; Rousk
etal., 2009; He et al., 2012; Becking and Canfield, 2015; Cao et al.,
2016). However, several studies have also shown that interspecies
interactions can significantly affect community growth,
composition, activity, and function (Burmelle et al., 2014;
Madsen et al., 2018). Understanding inter-species interactions
is therefore important for managing microbial communities in
environmental and industrial settings. Direct analysis and
identification of inter-species interactions in natural
communities is often hampered by community complexity
leading to methodological and technical restraints
(VerBerkmoes et al., 2009). On the other hand, studying
individual community members outside of their community
context rarely enables prediction of interspecies interactions, as
these are often induced by other species and lead to community
intrinsic properties caused by the community context, providing
unexpected functions or growth patterns for mixed-species
communities (Madsen et al., 2018). Co-culture studies using
simpler, pre-defined model communities are therefore often
applied to unravel specific microbial interactions. This has for
example allowed the identification of numerous types of both
intra- and inter-species interactions, such as i) cooperative cross-
feeding on secreted by- or waste-products (Rhee et al., 2000;
Pande et al., 2014; Pande et al., 2016), ii) cross-protection from
antibiotics facilitated by resistant strains protecting non-resistant
strains (Lee et al, 2014; Yurtsev et al,, 2016) or iii) through
competition by toxin secretion (Kerr et al., 2002).

Previous work on a well-described model community
constructed from four co-isolated bacterial species from
Danish soil (de la Cruz-Perera et al., 2013), containing
Stenotrophomonas rhizophila, Xanthomonas retroflexus,
Microbacterium oxydans and Paenibacillus amylolyticus, has
shown how different interspecies interactions can drive
synergistic community growth. For example, the synergistic
biofilm formation from this community (Ren et al, 2015) has
previously been linked to cross-feeding on amino acids (Hansen
et al, 2017; Herschend et al., 2017), unique spatial organization
(Liu et al, 2017; Liu et al., 2018) and environmental pH
stabilization (Herschend et al., 2018). In line with this, Ratzke
and Gore (2018) have shown that the outcome of pH-driven
interactions can be modelled when the pH drift and pH growth
optimum is known for the interacting partners. Here pH
stabilization was defined as a scenario where two bacteria,
which on their own would create a detrimental pH

environment, can co-exist by canceling each other’s pH drift.
A similar type of pH interaction was also shown to occur
between two members of our previously studied, four species
model community, X. retroflexus and P. amylolyticus (Herschend
et al,, 2018), and was identified as a strong contributor to the
synergy observed in this community. Specifically, we showed that
the cultivation of a P. amylolyticus colony in proximity to a
colony of X. retroflexus caused a morphological change in the P.
amylolyticus colony and that this change was likely driven by pH
stabilization of the environment through the metabolic activity
of X. retroflexus. In the present study, we investigate the
metabolic and chemical underpinnings of the pH-related
interaction of X. retroflexus and P. amylolyticus in greater
depth using a combination of microsensor measurements,
metabolomics and proteomics approaches. Microsensor and
ammonia measurements tracked the steep chemical gradients
emerging during the interaction, revealing the interplay between
ammonia release and pH drift leading to altered growth potential
of P. amylolyticus. Subsequently, we used mass spectrometry and
molecular networking analysis through the Global Natural
Products Social Molecular Networking (GNPS) platform
(Watrous et al., 2012; Wang et al, 2016) to characterize the
bacterial interaction at a molecular level and, in combination
with proteomics, show how this interaction led to induced
growth followed by sporulation in P. amylolyticus.

RESULTS AND DISCUSSION

Morphological Characterization of the Two
Species Interaction

P. amylolyticus and X. retroflexus were spotted on Congo red
agar plates with increasing distance between colonies (Figure 1),
to morphologically characterize the interaction. Interactions
examined include direct (metabolite/compound produced by
one strain directly affecting the other) as well as indirect
interactions (metabolite/compound produced by one strain
altering medium composition with subsequent effects on the
other). In this experimental design, direct and indirect
interactions are not distinguishable.

After 48 hrs of incubation, the colony of P. amylolyticus was
visually affected by the presence of X. retroflexus. With closer
proximity to X. retroflexus, P. amylolyticus displayed i) color-
change from dark brown to red, ii) disordered texture of the
colony facing X. retroflexus, and 1iii) visually noticeable
directional growth towards X. retroflexus. The color change of
the colony is likely a result of altered binding of Congo red and
coomassie brilliant blue G250, where Congo red binds various
carbohydrate matrix components and coomassie binds to
various protein components in the matrix. Directional growth
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FIGURE 1 | Bacterial growth as a function of distance (position A-D) between colonies of X. retroflexus and P. amylolyticus. After 48 hrs of growth, X. retroflexus
induced colony growth and a change in colony morphology of P. amylolyticus with reduced distance between the colonies when cultured on 50% Congo red agar
plates. The colony of P. amylolyticus became increasingly more red with closer proximity, and the periphery of the P. amylolyticus colony became disordered in
texture and displayed directional growth towards X. retroflexus. Log2(CFU* g agar-1) of P. amylolyticus was significantly lower with increasing distance, as calculated
by a linear model (Coefficient; -0.36, R2 = 0.47, p-value = 0.00014). No significant linear trend was observed for X. retroflexus colonies (Coefficient; 0.026, R2 =

of P. amylolyticus indicated attraction towards X. retroflexus,
likely caused by X. retroflexus influencing the local environment,
making it more favorable by e.g. increasing pH as previously
observed (Herschend et al,, 2018), favorably modifying the
growth medium, and/or by secretion of metabolites with a
nutritional value. Counts of colony forming units (CFU) of P.
amylolyticus colonies revealed that proximity to X. retroflexus
(Figure 1) increased CFU counts, with a significantly negative
linear relationship between distance and cell counts (Coefficient;
-0.36, R* = 0.47, p-value = 0.00014; linear model). No change in
morphology was observed for X. retroflexus and no correlation
was found between distance and cell counts (Coefficient; 0.026,
R? = -0.025, p-value = 0.5131), indicating that X. retroflexus was
not affected by the proximity of P. amylolyticus.

Chemical Characterization of the Two-
Species Interaction

To investigate the local chemical environment of the two-species
interaction, we mapped the O, concentration and pH over and in
between the bacterial colonies using microsensors. Figure 2
shows changes in colony morphology, pH and O, environment
across the interaction zone, after one and two days of growth
respectively. The area around and beneath the X. retroflexus
colony became increasingly alkaline from 24 to 48h, changing the
entire interaction zone pH to a level above that of the pH of TSA.
However, at 24 hrs, P. amylolyticus had contrarily acidified the
environment. X. retroflexus was actively growing and consuming
O,, both at 24 and 48 hrs, while O, consumption of P.
amylolyticus did not deprive the agar of O, to the same extent.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 805473


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Herschend et al.

Interspecies Interaction Modulating External Environment

X. retroflexus

P. amylolyticus

uM O,
- I 250
200
150
100

M
0

24 Hrs

48 Hrs

FIGURE 2 | Mapping of pH and O, concentration around colonies of X. retroflexus and P. amylolyticus. (A) Colony morphology showing the changed morphology
of P. amylolyticus at 24 and 48 hrs. (B) Distribution of pH around the bacterial colonies showing a change of pH in the interaction zone. X. retroflexus was alkalizing
the interaction zone from 24 hrs to 48 hrs. At 24 hrs, the backside of the P. amylolyticus colony was acidic, with a pH as low as 5-6. At 48 hrs the pH around the

P. amylolyticus was shifted to approx. pH 7 from the pH drift caused by X. retroflexus. Black arrow on scale bar indicates pH of TSA. (C) Distribution of O,
concentration around the bacterial colonies showing a high O, consumption of X. retroflexus and lower consumption from P. amylolyticus. Oxygen consumption of
P. amylolyticus seemed restricted to the periphery of the colony at both 24 and 48 hrs, however with a lower consumption at 48 hrs. Black arrow on scale bar
indicates oxygen level in TSA without inoculation of bacteria. Combined alkalization and high oxygen consumption of X. retroflexus indicate a respiratory metabolism
that is likely based on degradation of amino acids. In contrast, acidification and low oxygen consumption indicate a fermentative metabolism for P. amylolyticus. Plots

of single species interactions are available for X. retroflexus in Figure S$1 and for P. amylolyticus in Figure S2.

Oxygen consumption of P. amylolyticus was observed to be
higher at 24 hrs and mostly located in the periphery of the
colony, potentially reducing growth at 48 hrs. Control plates with
single species interactions validated environmental alkalization
and high levels of O, consumption for X. retroflexus (Figure S1).
In contrast, environmental acidification and reduced O,
consumption over time was observed for P. amylolyticus
(Figure S2). This pattern confirmed previous observations
regarding pH driven interactions of these two species in a
four-species model consortium (Herschend et al., 2018).
Metabolic catabolism of amino acids through oxidative
deamination leads to production of ammonia, which can
alkalize the environment by sequestering protons. The high
oxygen consumption from X. retroflexus could support such
metabolic activity. In contrast, fermentation of glucose can lead
to acidification of the environment. However, there are other
metabolic pathways that can also lead to environmental
alkalization, e.g. the arginine and agmatine deiminase systems,
previously described as important in oral biofilms. Commensal
bacteria in human oral biofilms need to repeatedly alkalize their

environment to exclude competitors that thrive at low pH and to
cope with the repeating acidification occurring as a response to
degradation of carbohydrate structures from the human diet
(Burne and Marquis, 2000; Clancy et al., 2000). Both arginine
(Burne and Marquis, 2000) and agmatine deiminase (Griswold
et al., 2006) pathways are catabolic processes known from e.g.
Streptococcus spp. as a mean to cope with acidification in oral
biofilms and generate ATP. By metabolizing arginine or
agmatine, Streptococcus spp. produces ammonia as by-product
that can help maintain pH homeostasis. Metabolic profiling in
Hugh and Leifson’s media supported alkalization through
catabolism of amino acids by X. retroflexus and anaerobic
glucose fermentation by P. amylolyticus (Figure S3). To
validate ammonia release, ammonia was measured in agar
plugs excised across the interaction zone, according to the grid
layout used for mapping the chemical environment (Figure 3A).
The ammonia profile transecting the dual-species interaction
zone indicated an increased amount of ammonia as compared to
blank agar. At 24 hrs, a gradient of ammonia was found around
the X. retroflexus colony, which then traversed the

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 805473


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Herschend et al.

Interspecies Interaction Modulating External Environment

P. amylolyticus colony at 48 hrs. Growth of X. retroflexus alone
showed ammonia build-up around the colony, whereas no
ammonia production was observed for P. amylolyticus when
cultured alone (Figure S4).

To build upon the hypothesis of pH stabilization of the
external environment as a facilitator for the morphological
change, P. amylolyticus was cultivated with addition of pH
adjusted phosphate buffer at pH 7. Addition of a >31 mM
phosphate buffer caused a visual morphological change and
increased density of the colony resembling that observed
during interaction with X. retroflexus. A similar response was
not induced by adding comparable concentrations of salt, thus
indicating that the response was caused by pH stabilization
(Figure 3B). Optimal pH growth range for P. amylolyticus has
previously been observed as pH 6-8 (Herschend et al., 2018).

Metabolomics Characterization of Two-
Species Interaction

To further characterize chemical changes within the interaction
zone of P. amylolyticus and X. retroflexus at a molecular level,
agar plugs across the interaction zone were collected and
subjected to liquid chromatography - tandem mass
spectrometry (LC-MS/MS) based metabolomics. Plugs were
collected according to the grid structure used for mapping the
chemical environment, see Figure S6 for metabolomics
workflow. A mixed solvent extraction protocol was applied to
enhance metabolite extraction and diversity. Metabolites were
extracted from single- and dual-species interaction zones at 24
and 48 hrs of incubation. Chemical structural information of
detected molecules was retrieved by mass spectral molecular
networks through Global Natural Products Social Molecular
Networking (GNPS) (Watrous et al., 2012; Wang et al,, 2016).
In short, each node in the network corresponds to a unique
structural feature (unique metabolite), association between
nodes is based on structural similarity and each node is color-
coded based on which sample group the structural feature was
observed in, e.g. agar control or P. amylolyticus single species
samples. An extensive overview of the workflow is available in
Material and Methods.

Most of the nodes were found in the agar control samples
(3629 nodes), whereas only 1506 nodes were uniquely found in
X. retroflexus, P. amylolyticus or the interaction zone. Of the
1506 nodes, 84 nodes were uniquely detected in the dual-species
interaction zone, 1075 nodes were shared between the dual-
species and single-species interaction zones and 347 nodes were
uniquely allocated in the single species controls (single-species,
Table S1).

In short, feature annotation of the nodes was performed using
a combination of Network Annotation Propagation (da Silva
et al.,, 2018), Dereplicator (Mohimani et al., 2017), ClassyFire
(Feunang et al., 2016) and MolNetEnhancer (Ernst et al., 2019),
see Material and Methods for a detailed description of the
workflow. Additionally, Table S2 summarises counts of
molecular families, and Table S3 summarises putative
annotation yield through the MolNetEnhancer workflow
and GNPS.

X. retroflexus  P_amylolyticus X. retroflexus  P_amylolyticus

pg/ml ammonia

w h OO N © ©
pg/ml ammonia

W s OO N O

NaCl
Water Control

Phosphate buffer (pH 7)

250 mM 125 mM 62.5mM 31mMm

FIGURE 3 | The pH stabilized interaction of X. retroflexus and P.
amylolyticus. (A) Ammonia profiles measured over the interaction zone of X.
retroflexus and P. amylolyticus. 2.5 by 2.5 mm agar plugs were excised from
the interaction zone according to the red squares overlayed in the
morphology panel. The ammonia release was measured from each excised
agar plug. Red line in the plot shows the mean ammonia concentration in
control agar (60% TSA), with the red transparent ribbon indicating standard
error of the mean (n=3). Black line represents mean ammonia concentration
across the interaction zone, with horizontal bars indicating standard error of
measured ammonia (n=3). At 24 hrs, ammonia released from X. retroflexus
formed a gradient across the P. amylolyticus colony. At 48 hrs the amount of
ammonia increased in the interaction zone as well as over the P. amylolyticus
colony. The images show the morphological changes of P. amylolyticus
occurring from 24 hrs to 48 hrs. (B) Effect of pH buffering on the growth of P.
amylolyticus. P. amylolyticus was cultivated for 48 hrs adjacent to wells
containing 100 pL NaCl or phosphate buffer (oH 7) in concentrations ranging
from 250-31 mM and with sterile MiliQ water as control. A morphological
change of the P. amylolyticus colony was observed when adding buffer with
increasing buffer capacity, whereas a similar salt concentration did not induce
the morphological change. Individual plots with ammonia profiles for X.
retroflexus and P. amylolyticus are available as Figure S4.

To understand the morphological change of P. amylolyticus at
amolecular level, we assessed the spatial distribution of the in silico
annotated structures unique to the single or dual-species
interaction zone, comprising 12 molecular families. Prior to
visualisation, nodes from the same molecular family with similar
MS2 spectra were collapsed into a single feature to enable better
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visualisation, see Materials and Methods and Figure S7. A
distribution summary of molecular families is available from
Table S4. Of the 12 families, 3 molecular families (referred to by
their component index [CI]; CI 113, CI 114 and CI 159) showed a
unique spatial distribution across the P. amylolyticus colony, with
two molecular families being unique to the dual-species
interaction zone. Figure 4 exemplifies spatial distribution of a
molecule from molecular family with CI 114. At 24 hrs the mass
spectral molecular feature with a m/z of 744.56 was detected only
in the periphery of the P. amylolyticus colony facing the X.
retroflexus, whereas it was highly abundant across the entire P.
amylolyticus colony at 48 hrs. In silico putative structure
annotation annotated this mass spectral molecular feature as a
glycerophospholipid. Glycerophospholipids are common
components of bacterial membranes and their release to the
environment can be explained by cell wall disruption e.g. from
cell death, sporulation or production of membrane vesicles known
to facilitate the release of proteins, including toxins and other
virulence factors (Anand and Chaudhuri, 2016). However,

Molecular component group m/z 744.56

X_retroflexus  P_amylolyticus

y
\

P.amylolyticus P. amylolyticus

changes in the pH environment can also lead to chemical
changes in glycerophospholipid in the bacterial membranes e.g.
changing the ratios of unsaturated to saturated, cis to trans
unsaturated, and branched to unbranched fatty acids (Guan and
Liu, 2020). Hence, the emergence of the annotated
glycerophospholipid could be a response to the interaction itself
and/or the changed pH environment, resulting in cell wall
disruption or reorganization, or vesicle production. A similar
pattern was also observed for the other feature in CI 114 with
m/z 462.302 (Figure S8). For, e.g. CI 114, the molecular feature
was uniquely observed in the interacting colony and could as such
be argued to be a direct response to the interaction with X.
retroflexus. However, as the interaction with X. retroflexus also
resulted in enhanced cell numbers of P. amylolyticus the observed
feature could also be a response to increased cell counts - and not
to a phenotypic change. To support that the molecular feature was
a response to altered phenotypic behaviour, the level of MS1 ion
intensity of several sampling points across the interacting P.
amylolyticus colony was compared to that of the non-interacting

744.562

462.302

structure annotation identified the molecule as a glycerophospholipid.

Node (m/z):
744.563 and 744.562

Consensus SMILE score:
1.00 (for both nodes)

ClassyFire Identification:
CF-Class: Glycerophospholipids (score 0.68)
CF-Direct parent: Dimethylphosphatidylethanolamines (score 0.667)

B
4
P,< 0.0001
e
©
s z?
2 2
= §
g 50
(=]
[e]
)
-2
m/z 744.56
’
o
0-P-0 0
o \—/o- 0

FIGURE 4 | Spatial distribution of a metabolite feature, unique to the inter-species interaction, across the bacterial colonies and their interaction zone. (A) Spatial
distribution of molecular feature with m/z 744.56, unique to the interspecies interaction. Circles indicate positioning of excised agar plugs across the interaction zone.
Empty grey circles refer to spots where the metabolite was not detected. Filled circles refer to plugs where the metabolite was detected, and color from black to
green refers to Log10(MS1 ion intensity). Three data files were lost during analysis, which corresponds to the blank area without circles in the interaction zone. At 24
hrs the metabolite was only detected in the periphery of the P. amylolyticus colony facing the X. retroflexus colony, whereas it was highly abundant across the entire
P. amylolyticus colony at 48 hrs. (B) lon intensity plot of the plugs covering the 48 hrs colony of the interacting P. amylolyticus, as compared to the non-interacting
48 hrs colony. For the interacting colony, MS1 ion intensities were divided by 3 to account for the higher observed cell count. Even when accounting for increased
number of cells in the interacting colony and an inferred artificial detection limit, metabolite m/z 744.56 was significantly more abundant in the interacting colony.

(C) Molecular family containing mass spectral feature with m/z 744.56, for statistical analysis unique mass spectral features likely split during preprocessing with m/z
744.563 and m/z 744.562 were merged. The two nodes grouped together with an additional molecular feature, represented in Figure S8. (D) /n silico putative
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colony, see Materials and Methods. Even when inferring an
artificial detection limit and accounting for exponential
compound production at the higher CFU level in the interaction
colony, the level of compound intensities across the interacting
colony was still significantly higher (p.g = 0.00645). The same
trend was observed for the feature with m1/z 462.302 within CI 114
(Figure S8). This observation supported that glycerophospholipid
structural analogues were released from the interacting colony of
P. amylolyticus as a response to its interaction with X. retroflexus.
In further support, molecular features with m/z 752.539, 766.543
and 778.546 from CI 113 were putatively annotated as
glycerophospholipids, and although they were observed in the P.
amylolyticus single-species samples (Figure S9) their level was
higher in the interacting colony - the difference was significant for
m/z 766.543 and m/z 778.546 (pag; = 0.0002 and p,q; = 0.003,
respectively). For the two molecular features with m/z 593.3 and
607.379 in CI 159, MolNetEnhancer suggested prenol lipid
structural analogues, although with a very low score (0.348)
(Figure S10). Some types of prenol lipids are known to be
associated to bacterial membranes, such as e.g. bactoprenols and
hopanoids. The two features were also significantly more
abundant in the interacting colony (p,g; < 0.0001 for both m/z
593.3 and 607.379). These two features were even more abundant
than features from CI 113 and 114. Among prenol lipids,
hopanoids are thought to be prokaryotic equivalent of
eukaryotic sterols, and hence several studies have shown that
hopanoids are important to maintain membrane integrity in
stressful conditions, e.g. under pH related stress (Welander
et al., 2009; Schmerk et al., 2011; Saenz et al., 2015).

An additional number of 20 molecular features from the self-
looping group also showed unique distribution around the
colony of P. amylolyticus and many of these were significantly
more abundant than the artificial detection limit after accounting
for increased cell counts in the interacting colony, see Figures
S11-S13.

A major drawback of in silico putative structure annotation is
the uncertainty concerning the correct structure (da Silva et al.,
2018) and results discussed here should thus be interpreted with
caution. Absolute chemical structure identification would
require compound isolation and application of spectroscopic
methods, which is out of scope of the current study.

X. retroflexus did not yield any molecular features hinting
towards a radically changed and unique phenotype when growing
near P. amylolyticus. Molecular families unique to X. retroflexus
were observed, but for both the interacting and non-interacting
colony, e.g. CI 70, 168, 277, 347, 352 and 369. These molecular
features were mostly related to putative membrane associated
components, e.g. prenol lipids (CI 347) and glycerophospholipids
(CI 362). Interestingly some of these molecular features were
significantly increased for the interacting colony (p,4; = 0.0002 for
CI 347; p,g < 0.0001 for CI 352 p,g; = 0.006 for CI 362),
suggesting that X. retroflexus might adjust its membrane
composition dependent on the presence of P. amylolyticus. In
support, of alkalization by catabolism of amino acids by X.
retroflexus, a number of oligo-peptides showed a spatial
reduction around the colony of over time (Figure S14).

Phenotypic Changes in P. amylolyticus

We performed standard phase contrast light microscopy analysis
of the interacting and non-interacting P. amylolyticus colony. For
both the interacting and non-interacting colony of P.
amylolyticus at 24 hrs, spores were not observed neither at the
colony periphery nor centre (Figures 5 and S15). At 48 hrs,
spores were observed in both the periphery and centre of the
interacting colony (Figure 5), whereas no spores could be
visually observed in the non-interacting colony (Figure S15).
At 72 hrs, spore formation was also observed in the centre of the
non-interacting colony (Figure S15). However, whether this
sporulation response was related to a lack of nutrients or a
very low pH in the environment is unknown. If the sporulation
was related to a lack of nutrients similar to what could cause the
sporulation for the interacting colony, then it would be expected
that the 72 hrs non-interacting colony would approximate the
colony density and morphology of the interacting colony. Hence,
it is very likely that the response is due to something else, e.g. a
low pH environment.

Proteomics Characterization of Two-
Species Interaction

To further investigate the interacting P. amylolyticus colony, as
compared to the non-interacting colony, the phenotypic shift
was assessed by LC-MS/MS based proteomics profiling. Sample
quality overview is appended as Figure S16 and S17.
Comparison of interacting and non-interacting P. amylolyticus
colonies after 48 hrs of growth revealed that many proteins were
significantly changed in abundance between the two conditions
(Figure 6). More than 1100 proteins were identified in both
conditions, and of these 328 were significantly changed in
relative abundance between the two conditions, referred to as
significantly changed in abundance proteins (SCA-proteins).
Among the SCA-proteins with the largest change in abundance
for the interacting P. amylolyticus were proteins directly related
to the sporulation pathway and proteins related to sporulation.
Proteins included in the group ‘sporulation related” included: i) a
serine protein kinase (PrkA protein) (log2(Ratio) = 8.16) that has
been associated with sporulation in Bacillus subtilis (Yan et al.,
2015), ii) a flotillin 1 (log2(Ratio) = 3.78) that has been associated
with sporulation in Bacillus subtillis with gene deletion leading to
a delay in the onset of sporulation along with reduced
sporulation efficiency (Donovan and Bramkamp, 2009; Lopez
and Kolter, 2010; Lopez and Koch, 2017), iii) a lipo-protein
YheN precursor that has been related to e.g. the efficiency of
spore germination in Bacillus subtilis (Bagyan et al., 1998;
Watabe et al., 2002; Johnson and Moir, 2017), iv) a
YdfA_immunity 6" Regulon which is activated upon damage
to the cell envelope such as that caused by spore related
cannibalism (Ellermeier, 2006; Ellermeier et al., 2006),
antibiotic stress (Cao et al., 2002) or alkaline shock (Schobel
et al,, 2004), and v) a competence regulator ComK, YIbF/YmcA,
that has been associated to sporulation by accelerating the
phosphorylation of SpoOA (Carabetta et al, 2013). Both the
YdfA_immunity 6" regulon and the competence regulator
ComK, YIbF/YmcA were annotated as hypothetical proteins
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FIGURE 5 | Phase contrast microscopy of the interacting P. amylolyticus colony. At 24 hrs neither the colony center nor the colony periphery showed any visual
sporulating bacteria. After 48 hrs the presence of sporulating bacteria was observed in the center of the colony, whereas no visible sporulation was observed at the
colony periphery. Green arrows mark bacteria with visible spores. Microscopy images of non-interacting P. amylolyticus is available as Figure S$15.

48 Hrs

from the RAST pipeline (Aziz et al., 2008; Overbeck et al., 2014),
but were further annotated by PFAM (Finn et al., 2016)
annotations using the HMMER service (Potter et al., 2018).
This observation strongly supports that active sporulation
occurs in the interacting P. amylolyticus colony.

The abundance of several proteins related to Phage Shock
Protein A was also observed to increase significantly for the
interacting colony, which indicates that the cells undergo a stress
response related to perturbations of the cell envelope (Flores-
Kim and Darwin, 2016), which could be hypothesized to also
include pH stress.

To complement the proteomics analysis and further validate
the observed proteome changes, a Fisher’s exact test with
Benjamini Hochberg FDR correction (Benjamini and
Hochberg, 1995) was applied to identify upregulated pathways.
For example, the pathways related to the protein chaperones
GroEL and GroES as well as the chaperones in the dnaK gene

cluster were identified as pathways with a significant coverage of
SCA-proteins as compared to the size of the pathway in the
genome. This further supported that the interacting P.
amylolyticus was undergoing a stress response. A clear change
in metabolic activity was also observed between the interacting
and non-interacting colony, based on the identified significantly
upregulated pathways. The non-interacting colony had
significant coverage of pathways such as glycolysis and
gluconeogenesis, the Entner-Duodoroft pathway, pyruvate
metabolism and degradation of valine and isoleucine. In
contrast the interacting colony had significant coverage of
pathways such as branched-chain amino acid biosynthesis and
TCA cycle, and ABC oligopeptide transporters.

Comparisons of the proteomes of interacting and non-
interacting X. retroflexus colonies revealed several SCA-
proteins (Figure S18). No specific trend could be observed
when mapping metabolic functions to the SCA-proteins. To
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(indicated with black bars).

understand the metabolic background for alkalization of the
environment, we looked for identified proteins related to amino
acid catabolism. Although none of the proteins were significantly
changed in abundance when comparing interacting and non-
interacting X. retroflexus colonies, the glutamate dehydrogenase
(EC 1.4.1.2), agmatine deiminase (EC. 3.5.3.12) and N-
carbamoylputrescine amidase (EC.3.5.1.53) were observed
among identified proteins in both conditions. The glutamate
dehydrogenase (EC 1.4.1.2) is involved in oxidative deamination
of glutamate to alpha-ketoglutarate and ammonia, and agmatine
deiminase (EC. 3.5.3.12) and N-carbamoylputrescine amidase
(EC.3.5.1.53) are involved in catabolism of agmatine resulting in

A
[
L]
L]
9
- Phage shock
I Not significant protein A
T o ¥ |
S °
T 6 (J
7 &, %‘. Y Significant ~ GroEL/GroES
o o ° ) ° chaperones
4 []
e 0 . )
= . L Fermentation )
] A o Y Sporulation
3 o . . o ° . pathway
°? : .. Pyruvate
S Metabolism Sporulation
‘ 1 related
01 Non-interacting v Interacting
-4 -2 0 2 4 6 8 10 12 14
Log,(Ratio of protein intensity)
B Non-interacting colony Interacting colony
Glycolysis andl p.. <0.001 TCA Cycle Py < 0.001
gluconeogenesis adi
Dehydrogenase p.. <0.001 GroEL/GroES F Py < 0.001
complexes o
Branched-chain p.. =0.001
Pyruvate metabolism Il F Py = 0.007 amino acid biosynthesis agj — V"
ABC transporter _
oligopeptide I Pag = 0.024
Valine degradation P, = 0.008
Transcription =0.031
_ factors bacterial I Pag = O
Isoleucine degradation P,y = 0.01
Protein chaperones F P,y = 0.031
Entner-doudoroff pathway P,y =0.01
Leucine biosynthesis P.g = 0.031
Riboflavin, FMN and -
oo Py = 0.015  Heat shock dnak -
FAD metabolism I o eac I:st"‘:r ext"ean » gsne P, = 0.031
Inorganic sulfur F = F
assi?nilation Pag 0.032 Programmed frameshift Py = 0.044
8 & 8 R 8 8 8 3 8
S 2 ° 9o = S & o o
o o o o o i
Fraction of coverage Fraction of coverage
. Pathway coverage by Pathway size
SCA-proteins compared to genome

FIGURE 6 | Proteomics profiing of the interacting and non-interacting colony of P. amylolyticus. (A) Volcano plot of the relative abundance of the proteins between
the interacting and the non-interacting P. amylolyticus showed a significant change in the abundance of 328 proteins between the two states. (B) Identification of
potentially regulated pathways between the two conditions. A Fishers Exact test was performed with Benjamini-Hochberg false discovery rate correction (threshold of
Padj < 0.05) between pathway coverage with SCA-proteins belonging to the pathway (indicated in green bars) and the proportion of the pathway size in the genome

generation of ATP and ammonia. The arginine deiminase was
not observed in the dataset albeit being present in the genome of
X. retroflexus. Combined, this indicates a dual approach to
amino acids catabolism of X. retroflexus and a subsequent
release of ammonia into the external environment.

Summary

Figure 7 depicts the specific individual observations from the
applied technologies used to unravel the interaction between X.
retroflexus and P. amylolyticus. Application of micro-sensors
revealed a strong environmental alkalization by X. retroflexus,
and subsequent analysis by proteomics indicated this to be
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FIGURE 7 | Schematic overview of findings in the study and their relation to the applied techniques. X. retroflexus was found to drive environmental pH through
degradation of amino acid products. In response, the stabilized pH environment led to; i) enhanced growth of P. amylolyticus as identified by increased CFU counts,
i) a changed abundance of glycerophospholipids and prenoal lipids in the colony of P. amylolyticus as observed from metabolomics, iii) a significantly increased
abundance in stress and sporulation related proteins in P. amylolyticus, and finally iv) an initiated sporulation response by P. amylolyticus, observed by microscopy.
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driven by degradation of amino acids, e.g. degradation of
agmatine and glutamate. In response to the changes in the
external environment, P. amylolyticus displayed induced
growth, and a change in colony morphology, supposedly
related to a change in glycerophospholipids and prenol lipids,
as indicated by metabolomics. Additionally, proteomics showed
a shift towards sporulation, that in part could also contribute to
the change in colony morphology, and ongoing sporulation was
supported by microscopy images. Notably, after growth for 24
hrs no spores were observed by microscopy in P. amylolyticus
colonies, but glycerophospholipids and prenol lipids were
observed at the part of the P. amylolyticus colony facing X.
retroflexus, where also a minor morphological change was
observed. This hints that the environmental alkalization
initiates a response of P. amylolyticus to manage the changed
pH environment by altering its membrane structure and
composition, e.g. by altering the chemical composition of its
glycerolphospholipids and levels of prenol lipids. In support, GW

has been shown to be activated during alkaline shock (Schobel
et al, 2004). Furthermore, our proteomics pathway analysis
revealed that protein chaperones, such as GroEL/S system, and
proteins encoded by the heat shock dnaK gene cluster, were
increased in relative abundance during the interaction. Previous
studies have shown that sporulation in Bacillus megaterium does
not increase the levels of GroEL and dnaK chaperones (Hlavacek
et al., 1998), which indicates a stress response in P. amylolyticus
potentially related to pH drift.

Here we show how enhanced growth can be facilitated for P.
amylolyticus through pH stabilization of the environment
through metabolic activity of X. retroflexus. Indeed, enhanced
community growth through facilitated pH stabilization of the
local environment is one of the types of inter-species interactions
that lacks support from observations in natural systems. Hence,
it is not known to which extent this type of interaction plays a
role in community development and function, and this needs to
be further investigated in future efforts. However, as pH is a

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 805473


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Herschend et al.

Interspecies Interaction Modulating External Environment

strong driver for microbial community composition and
functionality, it could be hypothesized that this type of
interaction is important to allow a larger local diversity in a
community. The present results combined with previous studies
(Herschend et al., 2018; Ratzke and Gore, 2018), emphasize pH
facilitation as a major factor shaping community ecology.

Here we demonstrate the power of combining high-
resolution and high-throughput applications, i.e. microsensors,
metabolomics, proteomics and microscopy, to reveal community
interactions. Despite the usefulness and application potential of
each individual method, the combined interpretation of the
individual observations is what eventually provides a
convincing identification of the population dynamics and
mechanisms underpinning the two-species interaction. Like for
microbial communities, each component works well in isolation,
but only when parts are combined, synergies arise.

MATERIALS AND METHODS
Cell Cultures

The investigated species included in this study, i.e. X. retroflexus
retroflexus (X. retroflexus) and P. amylolyticus amylolyticus
(P. amylolyticus), were isolated from soil during a previous
study on plasmid transfer among soil isolates (de la Cruz-
Perera et al., 2013) and were later found to be involved in
synergistic biofilm formation (Ren et al., 2015). Bacterial
isolates were stored as glycerol stocks at -80°C. Prior to
cultivation, the bacterial isolates were streaked on agar plates
complemented with tryptic soy broth (TSA) (15 g/L agar and 30
g/L tryptic soy broth, VWR) from the glycerol freeze stocks.
Plates were incubated for 48 hrs at 24°C, until single colonies
could be selected. Single colonies were used to inoculate 5 mL
tryptic soy broth (TSB) (30 g/L tryptic soy broth, VWR) in test
tubes and incubated over-night at 24°C with shaking at 250 rpm.
Over-night cultures were diluted to an optical density (OD) of
0.15 at 600 nm in TSB before being used in the
experimental setups.

Agar Plates

Bacterial interactions were analyzed on 50% TSA plates (15 g/L
agar, Sigma, and 15 g/L tryptic soy broth, Sigma-Aldrich). To
allow easier visualization of bacterial interactions 50% TSA plates
were complemented with 40 ug/mL Congo red (Fluka) and 20
pg/mL Coomassie brilliant blue G250 (Sigma-Aldrich). Plates
complemented with Congo red and Coomassie brilliant blue
were only used for photographic purposes and visual inspections.
Bacterial cultures diluted to OD=0.15 were spotted onto 50%
TSA plates, using 5 pL of the OD adjusted culture. Plates were
allowed to dry at room temperature before being incubated at
24°C.

V-Plates

OD-adjusted bacterial culture (5uL) was spotted on a 50% TSA
plates. Square petri dishes, were used for the 50% TSA plates and
each plate contained 80 mL 50% TSA. Colonies A-D were cut

from the agar plates using a sterile scalpel. Each colony was
transferred to a bead-beating tube, 2 mL Free Standing Ribbed
Screw Tubes (SSI), with Standard Screw Tube Caps (SSI)
containing six 2.5 mm steel beads. Weight of the agar plug was
measured. 1 mL 1xPBS was added to each tube and samples were
homogenized on a FastPrep®-24 (MP), running at speed 4.0 for 3
rounds of 30 sec, with a 1 min resting period between runs.
Homogenized samples were 10-fold serial diluted in 1x PBS and
100 pL of the diluted samples were used for CFU counting on
TSA plates by plate spreading.

Micro-Sensor Measurements of

pH and Oxygen

2D mapping of the chemical environment was conducted by
mounting micro-sensors on a custom-built x-y-z motorized
micromanipulator setup fixed to a heavy stand (Lichtenberg
et al,, 2017). Similar motorized x-y-z micromanipulator setups
can be obtained from commercial sources; e.g. Pyro-Science
GmbH, Aachen, Germany or Unisense A/S, Aarhus, Denmark.

A fiber-optic O, microsensor (OXR50-HS, tip diameter 50
pm, Pyro-Science GmbH Aachen, Germany) was used for O,
measurements. The sensor was connected to an O, meter
(FireStingO2, Pyro-Science GmbH Aachen, Germany).
Microsensor calibration was performed as specified by
the manufacturer.

Measurements of pH were conducted with a pH glass
microelectrode (tip diameter 50 um, pH50, Unisense A/S) in
combination with a reference electrode (tip diameter of ~5 mm,
Unisense A/S) immersed in the agar plate. Sensors were
connected to a high impedance pH/mV-Meter (Unisense A/S).
The pH microelectrode was linearly calibrated from sensor mV
readings in pH buffers pH 4, 7 and 9, showing a log-linear
response to [H'] of ~51 mV/pH unit at experimental
temperature (24°C + 0.5°C).

To control precision of the sensors, sensor movement was
recorded with a USB microscope (dino-lite.eu, model
AM7515MZTL). 2D measurements (pH and O,) were
conducted at a depth of =100 pm below the surface of the agar
plate. A custom-made profiling software (Volfix; programmed by
Roland Thar) was used to control the x-y-z motorized
micromanipulator and to read out sensor signals. A similar
software, Profix, can be downloaded free of charge from pyro-
science.com. An analog to digital converter (ADC-101, Pico
Technology, UK) had to be used in order to interface the
profiling software with the O, meter (using the analog output
of the FireStingO2) and the pH/mV-Meter. Time course
measurements, of e.g. O,, in static culture were recorded with
free logging software (SensorTrace logger, Unisense A/S).

Ammonia Measurements

The ammonia measurements were performed on agar plugs (2.5
by 2.5 mm) excised across the interaction zone. The plugs were
incubated in 200 pL MilliQ water for 30 min and then centrifuged
at 4000 g for 10 min. Subsequently the ammonia concentration
was measured with Ammonia Assay Kit (Sigma-Aldrich)
according to manufacturers instructions. For each agar plate a
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reference measurement was acquired by extracting a single 2.5 by
2.5 mm agar plug near the agar plate periphery. Ammonia
concentrations in agar plugs transecting the interaction zone
were normalized to this value, and the average change in
ammonia was calculated across three biological replicates.

Metabolomics

Metabolite Extractions

OD 0.15 adjusted bacterial cultures of X. retroflexus and P.
amylolyticus were used. 5 pL cell cultures were spotted onto
50% TSA plates, according to the plate setups presented in e.g.
Figure S6, producing agar plates with either X. retroflexus- X.
retroflexus, P. amylolyticus-P. amylolyticus or X. retroflexus-P.
amylolyticus interactions. Three technical replicates were made
of each plate for each sampling time point. 2.5 by 2.5 mm agar
plugs were excised from each technical replicate plate and the
agar plugs were transferred to methanol pre-washed 96 well
plates (Thermo Scientific, Nunc' " 96-Well Polypropylene
Storage Microplates). For each type of interaction zone (e.g. X.
retroflexus-P. amylolyticus) agar plugs from one technical
replicate were extracted with 150 pL methanol. Another
technical replicate was extracted with 150 uL butanol, and the
third replicate was extracted with 150 pL ethyl-acetate. Solvent
was added and 96 well plates were sealed with 96 well-cap mats
(Thermo Scientific, Nunc 96 well-cap mats) and incubated for 60
min with slow horizontal shaking. After incubation, 100 pL was
transferred from each solvent extraction and the three solvent
extractions were pooled together for each excised spot in a
methanol pre-washed 96 well plate. Solvent was evaporated in
a SpeedVac and the resulting pellet was re-dissolved in 20%
methanol for 1 hrs at slow horizontal shaking. Samples were
centrifuged at 5000 g for 10 min to pellet potential undissolved
material and the supernatant was transferred to a new methanol
pre-washed 96 well plates which was sealed with Zone-Free
Sealing Film (Excel Scientific) prior to analysis by liquid
chromatography coupled tandem mass spectrometry.

Liquid Chromatography Coupled Mass Spectrometry
Analysis for Metabolomics

MS analysis was performed on a micrOTOF-Q II (Bruker
Daltonics) mass spectrometer with an electrospray ionization
(ESI) source, controlled by OTOF control and Hystar. MS
spectra were acquired in positive ion mode over a mass range
of 100-2,000 m/z. An external calibration with ESI-L Low
Concentration Tuning Mix (Agilent Technologies) was
performed prior to data acquisition and on every day during
acquisition. Hexakis(2,2-difluoroethoxy)phosphazene (m/z
621.19, Sigma-Aldrich) was used as a lock mass internal
calibrant during data acquisition. The following instrument
settings were used for the MS data acquisition: capillary
voltage of 4,500 V, nebulizer gas (nitrogen) pressure of 3 bar,
ion source temperature of 200°C, dry gas flow of 9 1 min™', source
temperature and spectra acquisition rate of 3 Hz for MS1 and
MS2. A Topl0 method was applied to select MS1 ions for
fragmentation per MS1 scan. Fragmentation was performed by
collision-induced dissociation (CID) according to the following

fragmentation and isolation list (values are m/z, isolation width
and collision energy, respectively): 100, 4, 16; 300, 5, 24; 500, 6,
30; 1,000, 8, 40; 1,500, 10, 50; 2,000, 12, 70. In addition, the basic
stepping function was used to fragment ions at 100 and 160% of
the collision-induced dissociation (CID) energy calculated for
each m/z from the above fragmentation and isolation list with a
timing of 50% for each step. The basic stepping had a collision
radiofrequency (RF) of 198 and 480 peak-to-peak voltage, Vpp,
with a timing of 50% for each step and transfer time stepping of
75 and 92 Us with a timing of 50% for each step. The MS/MS
active exclusion parameter was set to 5 and released after 0.5 min.
The injected samples were chromatographically separated using
an Agilent 1290 Infinity Binary LC System (Agilent
Technologies) controlled by Hystar software (Bruker
Daltonics), using a 50 x 2.1 mm Kinetex 1.7 uM, C18, 100 A
chromatography column (Phenomenex), 30°C column
temperature, 0.5 ml min™ flow rate, mobile phase A 99.9%
water (J.T.Baker, LC-MS grade) with 0.1% formic acid (Fisher
Scientific, Optima LC/MS), mobile phase B 99.9% acetonitrile
(J.T.Baker, LC-MS grade) with 0.1% formic acid (Fisher
Scientific, Optima LC/MS), with the following gradient: 0-0.5
min 10% B, 0.5-1 min 50% B, 1-6 min 100% B, 6-9 min 100% B,
9-9.5 min 10% B, 9.5-10 min 10% B.

Blank injections, without liquid, were performed for every
12th sample along to check for potential column carry over.
Blank agar control were submitted after 3 blank injections.

Metabolomics Data Analysis

LC-MS/MS data were converted to themzXML data format and
lock mass correction was performed using Compass Data
Analysis (Bruker Daltonics). Subsequently, .mzXML files were
preprocessed using MZmine 2.3 (Pluskal et al., 2010) with
parameters set to: Peak detection/Mass detection/Mass
detector, Centroid, MS1 noise level 2.0E2, MS2 noise level 0,
Chromatogram builder/MS1 level, Min time span (min) 0.05,
Min height 6.0E2, m/z tolerance 20 ppm, Chromatogram
deconvolution/Algorithm, Local minimum search, m/z range
for MS2 scan pairing (Da) 0.025, RT range for MS2 scan
pairing (min) 0.1, Chromatogram threshold 30%, Search
minimum in RT range (min) 0.10, Minimum relative height
5%, Minimum absolute height 8.0E2, Min ratio of peak top/edge
1, Peak duration range (min) 0.05-2, Isotopic peak grouper, m/z
tolerance 20 ppm, Retention time tolerance 0.1 (min), Maximum
charge 3, Representative isotope Most intense, Feature
alignment, m/z tolerance 20 ppm, Weight for m/z 50,
Retention time tolerance 0.1, Weight for RT 50. An MS2
filtered.mgf file was then exported from MZmine and uploaded
to the Global Natural Products Social Molecular Networking
webserver (http://gnps.ucsd.edu) for mass spectral molecular
networking using the following settings: Precursor Ion Mass
Tolerance 0.02 Da, Fragment Ion Mass Tolerance 0.02 Da, Min
Pairs Cos 0.65, Min Matched Fragment Ions 5, Network TopK
10, Minimum Cluster Size 1, Maximum Connected Component
Size 100, Run MS Cluster no. Mass spectral molecular networks
visualize MS2 spectral similarity in the form of a network. Each
node in the network represents a mass spectral molecular feature
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and nodes connected with an edge represent MS2 spectra with
high spectral similarity, assessed through a cosine similarity
score (Watrous et al., 2012). High similarity of MS2
fragmentation spectra can be used as a proxy for chemical
structural similarity. Thus, connected nodes likely represent
chemically structurally similar molecules. To retrieve relative
abundances per mass spectral molecular feature, an MS2 filtered
feature table consisting of integrated peak areas was exported
from MZmine and an in-house script in python was used to
calculate mean peak areas per feature and per sample group (agar
blank, dual-species interaction zone, X. retroflexus and P.
amylolyticus). The mass spectral molecular network with
mapped mean peak areas per sample group was visualized
using Cytoscape version 3.4.0 (Shannon et al., 2003). The mass
spectral molecular network job is publicly available at (https://
gnps.ucsd.edu/ProteoSAFe/status.jsp?task=7dd2927952f14278b
3aaa6el113833bd8) and.mzXML files were uploaded to MassIVE
(https://massive.ucsd.edu) and are publicly available under the
accession no. MSV000082481. The script used to calculate mean
peak areas per sample group is publicly available as a Jupyter
notebook at (https://github.com/madeleineernst/MetProfiling
Pamylolyticus_vs_Xretroflexus). The described workflow
corresponds to a prototype version of the feature-based
molecular networking workflow (Nothias et al., 2020). The
mass spectral molecular network consisted of 5135 nodes,
organized in 198 independent molecular families (two or more
connected components of a graph) and a total of 3320 single
nodes with no spectral similarity to any other node. Figure S6A
shows an overview of the global mass spectral molecular network
with nodes colored according to the sample group in which the
mass spectral molecular feature was detected (agar blank, dual-
species interaction zone, X. retroflexus and P. amylolyticus).

To putatively identify mass spectral molecular features within
our network, we used GNPS spectral library matching, which
resulted in a putative annotation rate of approx. 2% of the nodes.
This annotation rate is not atypical as many molecules, particularly
of microbial origin, are unique and not contained in reference
spectral libraries (da Silva et al., 2015). To further enhance putative
structure annotation we performed in silico structure annotation
through Network Annotation Propagation (NAP) (da Silva et al,
2018) with parameters set to 10 first candidates for consensus
score, fusion result for consensus enabled, 30 ppm accuracy for
exact mass candidate search, cosine value to subselect inside a
cluster 0.65, adduct ion type [M+H] and [M+Na], maximum 10
candidate structures in the graph, skip parent mass disabled and
the following structure databases: GNPS, HMDB, SUPNAT,
CHEBI, FooDB. NAP results are publicly accessible at: (https://
proteomics2.ucsd.edu/ProteoSAFe/status.jsp?task=
dlad37ab1e054609bf888d4aa85edf4f and https://proteomics2.
ucsd.edu/ProteoSAFe/status.jsp?task=0b369206f6a64f33a6704f3
286824dal). Additionally, to enhance in silico putative structure
annotation of peptidic molecules we submitted the same .mgf file
used for mass spectral molecular networking through GNPS to
Dereplicator (Mohimani et al., 2017), both with and without analog
search and with parameters set to Percursor Ion Mass Tolerance
0.02 Da, Fragment Ion Mass Tolerance 0.02 Da, PNP database

Extended, Max Charge 2, Accurate P-values enabled, Min Number
of AA 3, Max Isotopic Shift 2, Adducts Na and K, Max Allowed
Modification Mass 150 Da, Min Matched Peaks with Known
Compound 4. Dereplicator results are publicly accessible at
(https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=
£885fda8e67c40968aa3896b6c7a042a and https://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task=d3354afc0ddc479ba7ab43630
45b352¢).

Finally, to get a more easily interpretable overview of putative
structure identification we submitted all structures retrieved in
silico or through GNPS library matching to automated chemical
classification using ClassyFire (Feunang et al., 2016) and
calculated most predominant chemical classes per mass
spectral molecular family (two or more connected components
of a graph) at each hierarchical level of the ClassyFire ontology
using MolNetEnhancer (Ernst et al., 2019). A score was
calculated representing the degree of predominance of a
chemical class within a molecular family. A MolNetEnhancer
score of 1 corresponds to a scenario, where all predicted
structures fall within the same chemical class category, whereas
a score close to 0 corresponds to a very low degree of consensus
of the predicted structures, more likely resulting from false
positive predictions. The script used to retrieve ClassyFire
chemical classes per mass spectral molecular family is publicly
available as a Jupyter notebook at (https://github.com/
madeleineernst/MetProfiling_Pamylolyticus_vs_Xretroflexus).

This resulted in putative structures or suggestions for
chemical classes retrieved for over 1800 nodes within the
network (35%) corresponding to a level 2 or 3 of metabolite
identification according to the Metabolomics Standard
Initiative’s reporting standards (Sumner et al., 2007).

Spatial Visualization of Metabolomics Data

Metabolite distribution were screened using the ‘ili software
(Protsyuk et al., 2017) by mapping MSI intensities of detected
features onto 2D pictures of the respective interaction zone. Final
plotting of metabolite distributions for the manuscript was
performed in the R environment (R Core Team, 2018) using
ggplot2 (Wickham, 2009) and grid (Murrell, 2011). MZmine
preprocessing resulted in peak splitting in some cases, which
however could be easily identified when assessing the spatial
distribution of the mass spectral molecular features. Feature peak
areas were summed in these cases.

Comparison of lon Intensities Across Interacting and
Non-Interacting Colonies

For interacting and non-interacting P. amylolyticus, 12 spots
covering the inner part of the colony were selected. MSI ion
intensities for the interacting colony were divided by 3 to account
the approximate 2.5-fold higher cell counts observed in the
interacting colony. For blank spots on the interacting and non-
interacting colony, a threshold MS1 ion intensity equal to the
lower 1% quantile of detected MS1 ion intensities was inferred.
The intensity ratio across spots was then compared across the
colony by a linear model with offset = 0, followed by
FDR correction.
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Proteomics
Protein Extraction
All proteomics experiments were conducted on 50% TSA plates
without Congo red and Coomassie brilliant blue. Colony
biomass was extracted from the 50% TSA plates using a
scalpel. X. retroflexus cell biomass was dissolved in protein
extraction buffer (200 mM Tris HCl pH 7.6, 200 mM NaCl, 1
mM EDTA, 5% glycerol and 20 mM DTT) and the cells were
lysed with a Q500 sonicator (Qsonica, Newtown, USA) for 4 min
at 30% amplitude. The sonicated samples were centrifuged at
10000 g and soluble proteins in the supernatants were
precipitated by adding ice-cold acetone to a final concentration
of 80%. Samples were precipitated over night at -18°C.
Precipitated proteins were resuspended in a urea solution (8M
urea, 50 mM ammonium bicarbonate, pH 8). For P. amylolyticus
the samples were dissolved in 8M guanidine hydrochloride and
sonicated with similar parameters as X. retroflexus. Protein
concentration was estimated via Bradford assay and samples
were diluted to 5 pug/uL, reduced with 5 mM DTT for 1 hr, and
alkylated with 20 mM iodoacetamide for 1 hr in the dark.
Samples were four fold diluted in 50 mM ammonium
bicarbonate pH 8, and then incubated overnight by trypsin
(1:100 trypsin-to-protein ratio wt:wt) at room temperature
with horizontal shaking at 500 rpm. Inactivation of trypsin was
achieved by adding trifluoroacetic acid (TFA) to 2% and debris
was removed by centrifugation (10000 g, 10 min).

The tryptic peptides were purified on STAGE-tip micro
columns (Kulak et al., 2014) before being subjected to analysis
by LC-MS/MS.

Liquid Chromatography Coupled Mass Spectrometry
Approach for Proteomics

The samples were analyzed by liquid chromatography tandem
mass spectrometry (LC-MS/MS) and data were recorded in a
data dependent manner, automatically switching between MS
and MS/MS acquisition, on a Q-Exactive (Thermo Scientific,
Bremen, Germany). An EASY nLC-1000 liquid chromatography
system (Thermo Scientific, Odense, Denmark) was coupled to
the mass spectrometer through an EASY spray source and
peptide separation was performed on 50 cm EASY-spray
columns (Thermo Scientific) with 2 um size C18 particles and
inner diameter of 75 pm. Mobile phase consisted of solvents A
(0.1% formic acid) and B (80% acetonitrile in 0.1% formic acid).
The initial concentration of solvent B was 6%, and hereafter
gradients were applied to reach the following concentrations:
14% solvent B in 37 min, 25% solvent B in 42 min, 38% solvent B
in 21 min, 60% solvent B in 20 min, 95% solvent B in 3 min and
95% solvent B for 7 min. The total length of the gradient was 130
min. The full scans were acquired in the Orbitrap with a
resolution of 70,000 and a maximum injection time of 20 ms
was applied. For the full scans, the range was adjusted to 350-
1500 m/z. The top 10 most abundant ions from the full scan were
sequentially selected for fragmentation with an isolation window
of 1.6 m/z (Kelstrup et al., 2012), and excluded from re-selection
for a 30 s time period. For the MS/MS scans the resolution was
adjusted to 17,500 and maximum injection time of 60 ms. The

ions were fragmented in a higher-energy collision dissociation
(HCD) cell with normalized collision energy (NCE) of 28%.

Data Analysis for Raw MS Files

The acquired raw data was analyzed using MaxQuant version
1.5.5.1 (Cox and Mann, 2008) with the inbuilt Andromeda
search engine (Cox et al,, 2011). Mass tolerance was set to 4.5
ppm (parent ions) and 20 ppm (fragment ions); a maximum of 2
missed tryptic cleavages were permitted. Methionine oxidation
and protein N-terminal acetylation were selected as variable
modifications. Carbamidomethylation of cysteines was selected
as a fixed modification. A target decoy search that allowed for a
maximum of 1% FDR on both peptide and protein level and a
minimum length of 7 amino acids per peptide was performed.
Quantification was performed using the label free quantification
(LFQ) algorithm (Cox et al, 2014) in MaxQuant with a
minimum ratio count of 2 and applying the match between
runs function.

Analysis of Identified Proteins

Data analysis was in part performed with Perseus v1.5.3.2
(Tyanova et al, 2016). Proteins with a significant change in
relative abundance were identified using a modified Welsh t-test
with an SO parameter of 1 (Tusher et al., 2001), a permutation
based FDR cut-off of 0.05 and valid values in at least 60% of the
samples in both single and multispecies conditions. Pathway
analysis was performed with a Fishers exact test corrected for
multiple hypothesis testing with Benjamini Hochberg FDR
correction with a threshold for the adjusted p-value of <0.05,
in R. All plots were prepared in R v3.3.0 using ggplot2 v2.1.0
(Wickham, 2009).

Data Availability of Proteomics Data

Proteomes for analysis in MaxQuant were prepared as part of an
earlier investigation; PRJEB18431 (X. retroflexus retroflexus) and
PRJEB15262 (P. amylolyticus amylolyticus). Proteomes were
based on the genomes which were annotated with the RAST
database (Aziz et al., 2008; Overbeek et al., 2014). Raw files and
output from MaxQuant are available via ProteomeXchange with
identifier PXD031026 for X. retroflexus samples and with
PXD030998 for P. amylolyticus.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: ProteomeXchange:
PXD031026; PXD030998.

AUTHOR CONTRIBUTIONS

JH contributed with conception, design, experimental work,
statistical analysis, and wrote the first draft of the manuscript.
ME performed data management, statistical analysis and wrote

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 805473


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Herschend et al.

Interspecies Interaction Modulating External Environment

sections of the manuscript. KK contributed to study design,
experimental work and wrote sections of the manuscript. AM
contributed with experimental support for metabolomics, data
management and statistical analysis. RS performed data
processing and statistical analysis. HR and ZD performed
experimental work. PH and BS contributed with support for
proteomics and study design. All authors contributed to
manuscript revision, read, and approved the submitted version.
PD contributed with conception and design of the study. MB
contributed with conception and design of the study and wrote
sections of the manuscript. All authors contributed to
manuscript revision, read, and approved the submitted version.

FUNDING

This study was supported by grants from the Independent
Research Fund Denmark | Technical and Production Sciences
(MK; DFF-8022-00301B, MB; DFF - 1335-00071), Villum
Foundation (MB; 10098) and Novo Nordic Foundation (MB;
27620). The Q-Exactive Orbitrap mass spectrometers used in this
study were granted by the Independent Research Fund Denmark
| Natural Sciences (11-106246) and the Velux Foundation. The

REFERENCES

Anand D., Chaudhuri A. (2016). Bacterial Outer Membrane Vesicles: New
Insights and Applications. Mol. Membr Biol. 33, 125-137. doi: 10.1080/
09687688.2017.1400602

Aziz R. K., Bartels D., Best A. A., DeJongh M., Disz T., Edwards R. A., et al. (2008).
The RAST Server: Rapid Annotations Using Subsystems Technology. BMC
Genomics 9, 75. doi: 10.1186/1471-2164-9-75

Bagyan I., Noback M., Bron S., Paidhungat M., Setlow P. (1998). Characterization
of Yhen, a New Forespore-Specific Gene of Bacillus Subtilis. Gene 212, 179—
188. doi: 10.1016/S0378-1119(98)00172-3

Becking L. G. M. B, Canfield D. E. (2015). Baas Becking’s Geobiology (Chichester,
UK: John Wiley & Sons, Ltd). doi: 10.1002/9781118295472

Benjamini Y., Hochberg Y. (1995). Controlling the False Discovery Rate: A
Practical and Powerful Approach to Multiple Testing. J. R. Stat. Soc Ser. B
57, 289-300. doi: 10.1111/§.2517-6161.1995.tb02031.x

Burmelle M., Ren D., Bjarnsholt T., Serensen S. J. (2014). Interactions in
Multispecies Biofilms: Do They Actually Matter? Trends Microbiol. 22, 84—
91. doi: 10.1016/j.tim.2013.12.004

Burne R. A., Marquis R. E. (2000). Alkali Production by Oral Bacteria and
Protection Against Dental Caries. FEMS Microbiol. Lett. 193, 1-6.
doi: 10.1016/S0378-1097(00)00438-9

Cao H., Chen R., Wang L., Jiang L., Yang F., Zheng S., et al. (2016). Soil Ph, Total
Phosphorus, Climate and Distance Are the Major Factors Influencing
Microbial Activity at a Regional Spatial Scale. Sci. Rep. 6, 25815.
doi: 10.1038/srep25815

Cao M., Wang T., Ye R,, Helmann J. D. (2002). Antibiotics That Inhibit Cell Wall
Biosynthesis Induce Expression of the Bacillus Subtilis¢gw and ¢m Regulons.
Mol. Microbiol. 45, 1267-1276. doi: 10.1046/j.1365-2958.2002.03050.x

Carabetta V. J., Tanner A. W., Greco T. M., Defrancesco M., Cristea I. M., Dubnau
D. (2013). A Complex of Ylbf, Ymca and Yaat Regulates Sporulation,
Competence and Biofilm Formation by Accelerating the Phosphorylation of
Spo0A. Mol. Microbiol. 88, 283-300. doi: 10.1111/mmi.12186

Clancy K. A., Pearson S., Bowen W. H., Burne R. A. (2000). Characterization of
Recombinant, Ureolytic Streptococcus Mutans Demonstrates an Inverse
Relationship Between Dental Plaque Ureolytic Capacity and Cariogenicity.
Infect. Immun. 68, 2621-2629. doi: 10.1128/TAL68.5.2621-2629.2000

Danish Research Foundation, Nordic Bioscience A/S and
Technical University of Denmark are acknowledged for a joint
PhD scholarship to ZD.

ACKNOWLEDGMENTS

The authors would like to thank Michael Meehan for his
assistance with experimental setups in the laboratory and
assistance with acquiring mass spectrometry based
metabolomics data. The authors would also acknowledge
Anette Loth for her assistance with handling bacterial cultures.
At the Proteomics Core the authors would like to thank Anne
Blicher and Lene Holberg Blicher for help and assistance with
mass spectrometry analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.
805473 /full#supplementary-material

Cox J., Hein M. Y., Luber C.A, Paron I, Nagaraj N., Mann M. (2014). Accurate
Proteome-Wide Label-Free Quantification by Delayed Normalization and
Maximal Peptide Ratio Extraction, Termed Maxlfq. Mol. Cell. Proteomics 13,
2513-2526. doi: 10.1074/mcp.M113.031591

Cox J., Mann M. (2008). Maxquant Enables High Peptide Identification Rates,
Individualized P.P.B.-Range Mass Accuracies and Proteome-Wide Protein
Quantification. Nat. Biotechnol. 26, 1367-1372. doi: 10.1038/nbt.1511

Cox J., Neuhauser N., Michalski A., Scheltema R. A., Olsen J. V., Mann M. (2011).
Andromeda: A Peptide Search Engine Integrated Into the Maxquant
Environment. J. Proteome Res. 10, 1794-1805. doi: 10.1021/pr101065j

da Silva R. R,, Dorrestein P. C., Quinn R. A. (2015). Illuminating the Dark Matter
in Metabolomics. Proc. Natl. Acad. Sci. 112, 12549-12550. doi: 10.1073/
pnas.1516878112

da Silva R. R,, Wang M., Nothias L.-F., van der Hooft J. J. J., Caraballo-Rodriguez
A. M, Fox E,, et al. (2018). Propagating Annotations of Molecular Networks
Using In Silico Fragmentation. PloS Comput. Biol. 14, 1-26. doi: 10.1371/
journal.pcbi.1006089

dela Cruz-Perera C. I, Ren D., Blanchet M., Dendooven L., Marsch R., Serensen S.
J., et al. (2013). The Ability of Soil Bacteria to Receive the Conjugative Incpl
Plasmid, Pkjk10, Is Different in a Mixed Community Compared to Single
Strains. FEMS Microbiol. Lett. 338, 95-100. doi: 10.1111/1574-6968.12036

de Wit R, Bouvier T. (2006). “Everything is Everywhere, But, the Environment
Selects”; What Did Baas Becking and Beijerinck Really Say? Environ. Microbiol.
8, 755-758. doi: 10.1111/j.1462-2920.2006.01017.x

Donovan C., Bramkamp M. (2009). Characterization and Subcellular Localization
of a Bacterial Flotillin Homologue. Microbiology 155, 1786-1799. doi: 10.1099/
mic.0.025312-0

Ellermeier C. D. (2006). Evidence for a Novel Protease Governing Regulated
Intramembrane Proteolysis and Resistance to Antimicrobial Peptides in
Bacillus Subtilis. Genes Dev. 20, 1911-1922. doi: 10.1101/gad.1440606

Ellermeier C. D., Hobbs E. C., Gonzalez-Pastor J. E., Losick R. (2006). A Three-
Protein Signaling Pathway Governing Immunity to a Bacterial Cannibalism
Toxin. Cell 124, 549-559. doi: 10.1016/j.cell.2005.11.041

Ernst M., Kang K., Caraballo-Rodriguez A. M., Nothias L.-F., Wandy J., Chen C,,
et al. (2019). Molnetenhancer: Enhanced Molecular Networks by Integrating
Metabolome Mining and Annotation Tools. Metabolites 9, 144. doi: 10.3390/
metabo9070144

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 805473


https://www.frontiersin.org/articles/10.3389/fcimb.2022.805473/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.805473/full#supplementary-material
https://doi.org/10.1080/09687688.2017.1400602
https://doi.org/10.1080/09687688.2017.1400602
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1016/S0378-1119(98)00172-3
https://doi.org/10.1002/9781118295472
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/j.tim.2013.12.004
https://doi.org/10.1016/S0378-1097(00)00438-9
https://doi.org/10.1038/srep25815
https://doi.org/10.1046/j.1365-2958.2002.03050.x
https://doi.org/10.1111/mmi.12186
https://doi.org/10.1128/IAI.68.5.2621-2629.2000
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1021/pr101065j
https://doi.org/10.1073/pnas.1516878112
https://doi.org/10.1073/pnas.1516878112
https://doi.org/10.1371/journal.pcbi.1006089
https://doi.org/10.1371/journal.pcbi.1006089
https://doi.org/10.1111/1574-6968.12036
https://doi.org/10.1111/j.1462-2920.2006.01017.x
https://doi.org/10.1099/mic.0.025312-0
https://doi.org/10.1099/mic.0.025312-0
https://doi.org/10.1101/gad.1440606
https://doi.org/10.1016/j.cell.2005.11.041
https://doi.org/10.3390/metabo9070144
https://doi.org/10.3390/metabo9070144
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Herschend et al.

Interspecies Interaction Modulating External Environment

Feunang Y. D,, Eisner R., Knox C., Chepelev L., Hastings J., Owen G., et al. (2016).
Classyfire: Automated Chemical Classification With a Comprehensive,
Computable Taxonomy. J. Cheminform 8, 61. doi: 10.1186/s13321-016-0174-y

Finn R. D., Coggill P., Eberhardt R. Y., Eddy S. R., Mistry J., Mitchell A. L., et al.
(2016). The Pfam Protein Families Database: Towards a More Sustainable
Future. Nucleic Acids Res. 44, 279-285. doi: 10.1093/nar/gkv1344

Flores-Kim J., Darwin A. J. (2016). The Phage Shock Protein Response. Annu. Rev.
Microbiol. 70, 83-101. doi: 10.1111/j.1365-2958.2005.04694.x

Griswold A. R., Jameson-lee M., Burne R. A. (2006). Regulation and Physiologic
Significance of the Agmatine Deiminase System of Streptococcus Mutans
UA159. J. Bacteriol. 188, 834-841. doi: 10.1128/JB.188.3.834-841.20062006

Guan N, Liu L. (2020). Microbial Response to Acid Stress: Mechanisms and
Applications. Appl. Microbiol. Biotechnol. 104, 51-65. doi: 10.1007/s00253-
019-10226-1

Hansen L. B. S, Ren D., Burmelle M., Serensen S. J. (2017). Distinct Gene
Expression Profile of Xanthomonas Retroflexus Engaged in Synergistic
Multispecies Biofilm Formation. ISME J. 11, 300-303. doi: 10.1038/
isme;j.2016.107

He Z., Piceno Y., Deng Y., Xu M., Lu Z.,, Desantis T., et al. (2012). The
Phylogenetic Composition and Structure of Soil Microbial Communities
Shifts in Response to Elevated Carbon Dioxide. Isme J. 6, 259-272.
doi: 10.1038/isme;j.2011.99

Herschend J., Damholt Z. B. V. Z. B. V., Marquard A. M. A. M., Svensson B.,
Sorensen S. J. S.J., Hagglund P., et al. (2017). A Meta-Proteomics Approach to
Study the Interspecies Interactions Affecting Microbial Biofilm Development
in a Model Community. Sci. Rep. 7, 16483. doi: 10.1038/s41598-017-16633-6

Herschend J., Koren K., Roder H. L., Brejnrod A., Kithl M., Burmelle M. (2018).
In Vitro Community Synergy Between Bacterial Soil Isolates Can Be Facilitated
by Ph Stabilization of the Environment. Appl. Environ. Microbiol. 84 (21),
€01450-18. doi: 10.1128/AEM.01450-18

Hlavacek O., Adamec J., Vomastek T., Babkova L., Sedlak M., Vohradsky J., et al.
(1998). Expression of Dnak and Groesl Operons During Sporulation of Bacillus
Megaterium. FEMS Microbiol. Lett. 165, 181-186. doi: 10.1016/S0378-1097
(98)00274-2

Johnson C. L., Moir A. (2017). Proteins Ylaj and Yhen Contribute to the Efficiency
of Spore Germination in Bacillus Subtilis. FEMS Microbiol. Lett. 364, 1-5.
doi: 10.1093/femsle/fnx047

Kelstrup C. D., Young C., Lavallee R., Nielsen M. L., Olsen J. V. (2012). Optimized
Fast and Sensitive Acquisition Methods for Shotgun Proteomics on a
Quadrupole Orbitrap Mass Spectrometer. J. Proteome Res. 11, 3487-3497.
doi: 10.1021/pr3000249

Kerr B., Riley M. A., Feldman M. W., Bohannan B. J. M. (2002). Local Dispersal
Promotes Biodiversity in a Real-Life Game of Rock-Paper-Scissors. Nature 418,
171-174. doi: 10.1038/nature00823

Kulak N. A,, Pichler G., Paron I, Nagaraj N., Mann M. (2014). Minimal,
Encapsulated Proteomic-Sample Processing Applied to Copy-Number
Estimation in Eukaryotic Cells. Nat. Methods 11, 319-324. doi: 10.1038/
nmeth.2834

Lee K. W. K., Periasamy S., Mukherjee M., Xie C., Kjelleberg S., Rice S. A.
(2014). Biofilm Development and Enhanced Stress Resistance of a Model,
Mixed-Species Community Biofilm. ISME J. 8, 894-907. doi: 10.1038/
ismej.2013.194

Lichtenberg M., Norregaard R. D., Kithl M. (2017). Diffusion or Advection? Mass
Transfer and Complex Boundary Layer Landscapes of the Brown Alga Fucus
Vesiculosus. J. R. Soc Interface 14, 20161015. doi: 10.1098/rsif.2016.1015

Liu W., Russel J., Burmglle M., Serensen S. J., Madsen J. S. (2018). Micro-Scale
Intermixing: A Requisite for Stable and Synergistic Co-Establishment in a
Four-Species Biofilm. ISME J. 12, 1940-1951. doi: 10.1038/s41396-018-0112-2

Liu W, Russel J., Roder H. L., Madsen J. S., Burmolle M., And s?Rensen ,. S. J.
(2017). Low-Abundant Species Facilitates Specific Spatial Organization That
Promotes Multispecies Biofilm Formation. Environ. Microbiol. 19 (7), 2893—
2905. doi: 10.1111/1462-2920.13816

Lopez D., Koch G. (2017). Exploring Functional Membrane Microdomains in
Bacteria: An Overview. Curr. Opin. Microbiol. 36, 76-84. doi: 10.1016/
j.mib.2017.02.001

Lopez D., Kolter R. (2010). Functional Microdomains in Bacterial Membranes.
Genes Dev. 24, 1893-1902. doi: 10.1101/gad.1945010

Madsen J. S., Serensen S. J., Burmolle M. (2018). Bacterial Social Interactions and
the Emergence of Community-Intrinsic Properties. Curr. Opin. Microbiol. 42,
104-109. doi: 10.1016/j.mib.2017.11.018

Mohimani H., Gurevich A., Mikheenko A., Garg N., Nothias L.-F., Ninomiya A.,
et al. (2017). Dereplication of Peptidic Natural Products Through Database
Search of Mass Spectra. Nat. Chem. Biol. 13, 30-37. doi: 10.1038/
nchembio.2219

Murrell P. (2011). R Graphics. 2nd Ed (Boca Raton, FL, USA: CRC Press, Inc).

Nothias L.-F., Petras D., Schmid R., Dithrkop K., Rainer J., Sarvepalli A., et al.
(2020). Feature-Based Molecular Networking in the GNPS Analysis
Environment. Nat. Methods 17, 905-908. doi: 10.1038/s41592-020-0933-6

Overbeek R., Olson R., Pusch G. D., Olsen G. J., Davis J. ], Disz T., et al. (2014). The
SEED and the Rapid Annotation of Microbial Genomes Using Subsystems
Technology (RAST). Nucleic Acids Res. 42, D206-D214. doi: 10.1093/nar/gkt1226

Pande S., Kaftan F., Lang S., Svato A., Germerodt S., Kost C. (2016). Privatization
of Cooperative Benefits Stabilizes Mutualistic Cross-Feeding Interactions in
Spatially Structured Environments. ISME J. 10, 1413-1423. doi: 10.1038/
ismej.2015.212

Pande S., Merker H., Bohl K., Reichelt M., Schuster S., de Figueiredo L. F., et al. (2014).
Fitness and Stability of Obligate Cross-Feeding Interactions That Emerge Upon
Gene Loss in Bacteria. Isme J. 8, 953-962. doi: 10.1038/ismej.2013.211

Pluskal T., Castillo S., Villar-Briones A., Oresic M. (2010). Mzmine 2: Modular
Framework for Processing, Visualizing, and Analyzing Mass Spectrometry-Based
Molecular Profile Data. BMC Bioinf. 11, 395. doi: 10.1186/1471-2105-11-395

Potter S. C., Eddy S. R, Park Y., Lopez R,, Finn R. D., Hmmer T. (2018). HMMER
Web Server: 2018 Update. Nucleic Acids Res. 46, 200-204. doi: 10.1093/nar/
gky448

Protsyuk I., Melnik A. V., Nothias L.-F., Rappez L., Phapale P., Aksenov A. A,,
et al. (2017). 3D Molecular Cartography Using LC-MS Facilitated by Optimus
and 'Ili Software. Nat. Protoc. 13, 134. doi: 10.1038/nprot.2017.122

Ratzke C., Gore J. (2018). Modifying and Reacting to the Environmental Ph Can
Drive Bacterial Interactions. PloS Biol. 16, €2004248. doi: 10.1371/
journal.pbio.2004248

R Core Team (2018) R: A Language and Environment for Statistical Computing.
Available at: https://www.r-project.org/.

Ren D., Madsen J. S., Serensen S. J., Burmolle M. (2015). High Prevalence of
Biofilm Synergy Among Bacterial Soil Isolates in Cocultures Indicates Bacterial
Interspecific Cooperation. ISME J. 9, 81-89. doi: 10.1038/ismej.2014.96

Rhee S.-K,, Lee S.-G., Hong S.-P., Choi Y.-H., Park J.-H., Kim C.-J,, et al. (2000). A
Novel Microbial Interaction: Obligate Commensalism Between a New Gram-
Negative Thermophile and a Thermophilic Bacillus Strain. Extremophiles 4,
131-136. doi: 10.1007/s007920070027

Rousk J., Brookes P. C., Baath E. (2009). Contrasting Soil Ph Effects on Fungal and
Bacterial Growth Suggest Functional Redundancy in Carbon Mineralization.
Appl. Environ. Microbiol. 75, 1589-1596. doi: 10.1128/ AEM.02775-08

Saenz J. P., Grosser D., Bradley A. S., Lagny T. J., Lavrynenko O., Broda M, et al. (2015).
Hopanoids as Functional Analogues of Cholesterol in Bacterial Membranes. Proc.
Natl. Acad. Sci. 112, 11971-11976. doi: 10.1073/pnas.1515607112

Schmerk C. L., Bernards M. A., Valvano M. A. (2011). Hopanoid Production is
Required for Low-Ph Tolerance, Antimicrobial Resistance, and Motility in
Burkholderia Cenocepacia. J. Bacteriol. 193, 6712-6723. doi: 10.1128/]B.05979-11

Schaobel S., Zellmeier S., Schumann W., Wiegert T. (2004). The Bacillus Subtilisqw
Anti-Sigma Factor Rsiw Is Degraded by Intramembrane Proteolysis Through
Yluc. Mol. Microbiol. 52, 1091-1105. doi: 10.1111/j.1365-2958.2004.04031.x

Shannon P., Markiel A., Ozier O., Baliga N. S., Wang J. T., Ramage D., et al. (2003).
Cytoscape: A Software Environment for Integrated Models of Biomolecular
Interaction Networks. Genome Res. 13, 2498-2504. doi: 10.1101/
¢r.1239303.metabolite

Sumner L. W., Amberg A., Barrett D., Beale M. H., Beger R., Daykin C. A,, et al.
(2007). Proposed Minimum Reporting Standards for Chemical Analysis.
Metabolomics 3, 211-221. doi: 10.1007/s11306-007-0082-2

Tusher V. G., Tibshirani R., Chu G. (2001). Significance Analysis of Microarrays
Applied to the Ionizing Radiation Response. Proc. Natl. Acad. Sci. 98, 5116-
5121. doi: 10.1073/pnas.091062498

Tyanova S., Temu T., Sinitcyn P., Carlson A, Hein M. Y., Geiger T., et al. (2016).
The Perseus Computational Platform for Comprehensive Analysis of (Prote)
Omics Data. Nat. Methods 13, 731-740. doi: 10.1038/nmeth.3901

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 805473


https://doi.org/10.1186/s13321-016-0174-y
https://doi.org/10.1093/nar/gkv1344
https://doi.org/10.1111/j.1365-2958.2005.04694.x
https://doi.org/10.1128/JB.188.3.834-841.20062006
https://doi.org/10.1007/s00253-019-10226-1
https://doi.org/10.1007/s00253-019-10226-1
https://doi.org/10.1038/ismej.2016.107
https://doi.org/10.1038/ismej.2016.107
https://doi.org/10.1038/ismej.2011.99
https://doi.org/10.1038/s41598-017-16633-6
https://doi.org/10.1128/AEM.01450-18
https://doi.org/10.1016/S0378-1097(98)00274-2
https://doi.org/10.1016/S0378-1097(98)00274-2
https://doi.org/10.1093/femsle/fnx047
https://doi.org/10.1021/pr3000249
https://doi.org/10.1038/nature00823
https://doi.org/10.1038/nmeth.2834
https://doi.org/10.1038/nmeth.2834
https://doi.org/10.1038/ismej.2013.194
https://doi.org/10.1038/ismej.2013.194
https://doi.org/10.1098/rsif.2016.1015
https://doi.org/10.1038/s41396-018-0112-2
https://doi.org/10.1111/1462-2920.13816
https://doi.org/10.1016/j.mib.2017.02.001
https://doi.org/10.1016/j.mib.2017.02.001
https://doi.org/10.1101/gad.1945010
https://doi.org/10.1016/j.mib.2017.11.018
https://doi.org/10.1038/nchembio.2219
https://doi.org/10.1038/nchembio.2219
https://doi.org/10.1038/s41592-020-0933-6
https://doi.org/10.1093/nar/gkt1226
https://doi.org/10.1038/ismej.2015.212
https://doi.org/10.1038/ismej.2015.212
https://doi.org/10.1038/ismej.2013.211
https://doi.org/10.1186/1471-2105-11-395
https://doi.org/10.1093/nar/gky448
https://doi.org/10.1093/nar/gky448
https://doi.org/10.1038/nprot.2017.122
https://doi.org/10.1371/journal.pbio.2004248
https://doi.org/10.1371/journal.pbio.2004248
https://www.r-project.org/
https://doi.org/10.1038/ismej.2014.96
https://doi.org/10.1007/s007920070027
https://doi.org/10.1128/AEM.02775-08
https://doi.org/10.1073/pnas.1515607112
https://doi.org/10.1128/JB.05979-11
https://doi.org/10.1111/j.1365-2958.2004.04031.x
https://doi.org/10.1101/gr.1239303.metabolite
https://doi.org/10.1101/gr.1239303.metabolite
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1073/pnas.091062498
https://doi.org/10.1038/nmeth.3901
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Herschend et al.

Interspecies Interaction Modulating External Environment

VerBerkmoes N. C,, Denef V. ], Hettich R. L., Banfield J. F. (2009). Systems Biology:
Functional Analysis of Natural Microbial Consortia Using Community
Proteomics. Nat. Rev. Microbiol. 7, 196-205. doi: 10.1038/nrmicro2080

Wang M., Carver J. J., Phelan V. V., Sanchez L. M., Garg N., Peng Y., et al. (2016).
Sharing and Community Curation of Mass Spectrometry Data With Global
Natural Products Social Molecular Networking. Nat. Biotechnol. 34, 828-837.
doi: 10.1038/nbt.3597

Watabe K., Ogasawara N., Kuwana R., Kasahara Y., Fujibayashi M., Takamatsu H.
(2002). Proteomics Characterization of Novel Spore Proteins of Bacillus
Subtilis. Microbiology 148, 3971-3982. doi: 10.1099/00221287-148-12-3971

Watrous J., Roach P., Alexandrov T., Heath B. S., Yang J. Y., Kersten R. D, et al.
(2012). Mass Spectral Molecular Networking of Living Microbial Colonies.
Proc. Natl. Acad. Sci. U. S. A. 109, E1743-E1752. doi: 10.1073/pnas.1203689109

Welander P. V., Hunter R. C., Zhang L., Sessions A. L., Summons R. E., Newman
D. K. (2009). Hopanoids Play a Role in Membrane Integrity and Ph
Homeostasis in Rhodopseudomonas Palustris TIE-1. J. Bacteriol. 191, 6145-
6156. doi: 10.1128/JB.00460-09

Wickham H. (2009). Ggplot2: Elegant Graphics for Data Analysis (New York:
Springer). Available at: http://dx.doi.org/10.1007/978-0-387-98141-3.

Yan J., Zou W., Fang J., Huang X., Gao F., He Z, et al. (2015). Eukaryote-Like Ser/Thr
Protein Kinase Prka Modulates Sporulation via Regulating the Transcriptional
Factor ck in Bacillus Subtilis. Front. Microbiol. 06. doi: 10.3389/fmicb.2015.00382

Yurtsev E. A., Conwill A., Gore J. (2016). Oscillatory Dynamics in a Bacterial
Cross-Protection Mutualism. Proc. Natl. Acad. Sci. U. S. A. 113, 6236-6241.
doi: 10.1073/pnas.1523317113

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Herschend, Ernst, Koren, Melnik, da Silva, Roder, Dambholt,
Higglund, Svensson, Serensen, Kiihl, Dorrestein and Burmolle. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 805473


https://doi.org/10.1038/nrmicro2080
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1099/00221287-148-12-3971
https://doi.org/10.1073/pnas.1203689109
https://doi.org/10.1128/JB.00460-09
http://dx.doi.org/10.1007/978-0-387-98141-3
https://doi.org/10.3389/fmicb.2015.00382
https://doi.org/10.1073/pnas.1523317113
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Metabolic Profiling of Interspecies Interactions During Sessile Bacterial Cultivation Reveals Growth and Sporulation Induction in Paenibacillus amylolyticus in Response to Xanthomonas retroflexus
	Introduction
	Results and Discussion
	Morphological Characterization of the Two Species Interaction
	Chemical Characterization of the Two-Species Interaction
	Metabolomics Characterization of Two-Species Interaction
	Phenotypic Changes in P. amylolyticus

	Proteomics Characterization of Two-Species Interaction
	Summary

	Materials and Methods
	Cell Cultures
	Agar Plates
	V-Plates
	Micro-Sensor Measurements of pH and Oxygen
	Ammonia Measurements
	Metabolomics
	Metabolite Extractions
	Liquid Chromatography Coupled Mass Spectrometry Analysis for Metabolomics

	Metabolomics Data Analysis
	Spatial Visualization of Metabolomics Data
	Comparison of Ion Intensities Across Interacting and Non-Interacting Colonies

	Proteomics
	Protein Extraction
	Liquid Chromatography Coupled Mass Spectrometry Approach for Proteomics
	Data Analysis for Raw MS Files
	Analysis of Identified Proteins
	Data Availability of Proteomics Data


	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


