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Abstract

Bacilli and pseudomonads are among the most well-studied microorganisms commonly found in soil,
and frequently co-isolated. Despite this, no systematic approach has been employed to assess the
pairwise compatibility of members from these genera. Here, we screened 720 fluorescent soil isolates
for their effects on Bacillus subtilis pellicle formation in two types of media and found a predictor for
interaction outcome in Pseudomonas taxonomy. Interactions were context-dependent and both medium
composition and culture conditions strongly influenced interactions. Negative interactions were
associated with Pseudomonas capeferrum, Pseudomonas entomophila and Pseudomonas protegens,
and 2,4-diacetylphloroglucinol was confirmed as a strong (but not exclusive) inhibitor of B. subtilis.
Non-inhibiting strains were closely related to Pseudomonas trivialis and Pseudomonas lini, but in this
case, cocultures with increased B. subtilis pellicle formation were spatially segregated. Our study is the
first to propose an overall negative outcome from pairwise interactions between B. subtilis and
fluorescent pseudomonads, hence cocultures comprising members from these groups are likely to

require additional microorganisms for coexistence.
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Introduction

Plant growth-promoting rhizobacteria (PGPR) possess great potential to replace traditional fertilisers
and pesticides as a more sustainable alternative. In particular, isolates from Bacillus and Pseudomonas
genera have been studied extensively due to their abilities to inhibit plant pathogens, induce plant
systemic resistance, increase the growth rate of plants, and alleviate environmental stress (Bacillus
reviewed in ' and Pseudomonas reviewed in ?). Several studies combined isolates from the two genera
and observed a synergistic increase in a trait of interest, be it plant growth or protection *”. However,
few studies have investigated the cause of synergy, hence little information is available on the pairwise
compatibility of Bacillus and Pseudomonas, and whether environmental isolates engage in antagonism
or symbiosis.

Bacillus subtilis is one of the most well-studied model organisms in biology, serving as a prototypical
example of biofilm formation and plant root colonisation. Several strains have demonstrated
antagonism towards other microorganisms, especially plant pathogenic fungi ®. Such interactions are
mainly mediated by secreted bioactive secondary metabolites, of which B. subtilis produces a diverse

arsenal. Of note is plipastatin that shows antifungal properties *'°

, while surfactin and bacillaene display
more broad antimicrobial properties ''*'2. Positive interactions between Bacillus and Pseudomonas have
also been observed, such as intraspecies division of labour '* and interspecies cross-feeding '.

Pseudomonas is a genus of numerous species comprising at least 166 type strains that are found in soil,
plant rhizospheres, marine habitats and animal hosts '*"'*. The impact of Pseudomonas spp. on human
society ranges from human and plant pathogenicity to bioremediation, biocontrol and biostimulation '~
22, Interestingly, there is a fine line between pathogenic and beneficial Pseudomonas spp. that mainly

23,24

depends on the arsenal of secondary metabolites produced by a given strain . Similarly,

compatibility with Bacillus spp. also seems to rely mainly on a relatively small collection of secondary

¥ Understanding the frequency of positive and negative

metabolites and defence mechanisms
interactions between Bacillus and diverse Pseudomonas spp., as well as the underlying mechanisms of
such interactions would be of great interest to agricultural biotechnology relying on mixed consortia of
species from the two genera.

Here, we cocultured 720 soil isolates selected for fluorescent Pseudomonas properties with the
undomesticated type-strain B. subtilis DK1042 (hereafter DK1042) under floating biofilm (pellicle)-
inducing conditions and used a spinning disc-based medium-throughput screen to quantify DK1042
biofilms. Using two types of media, we demonstrate that although positive interactions with superior
pellicle abundance were rare in both types of media, interactions were highly medium-dependent. By
taxonomically characterising isolates at the species level, we determined that DK 1042 was least likely
to be compatible with species closely related to type strains of Pseudomonas capeferrum, Pseudomonas

entomophila and Pseudomonas protegens, and most likely to be compatible with Pseudomonas lini and

Pseudomonas trivialis. We found that Pseudomonas antagonism towards DK 1042 is mainly due to the
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presence of specific biosynthetic gene clusters (BGCs), and that 2,4-diactylphloroglucinol (DAPG) is a

major (though not exclusive) inhibitor of DK 1042 against both pellicles and colonies.

Results

Pseudomonads negatively affect B. subtilis

Relationships between B. subtilis and fluorescent pseudomonads range from antagonism to co-existence
and, potentially, to synergistic growth, but no systematic investigation of interaction outcomes between
the two has been performed. To address this, we performed pairwise coculture of DK1042 and each of
720 Pseudomonas soil isolates in 96-well plates and measured DK 1042 biomass using an Opera High-
Content screening spinning disc platform (Fig. la). We screened the library against DK1042
amyE::Puyperspank-mKate2 constitutively expressing the fluorophore mKate2, and recorded the three-
dimensional volume occupied by Bacillus as a proxy for cell abundance. Each isolate was cocultured
three times with DK1042 both in rich Tryptic Soy Broth (TSB) medium and diluted biofilm-inducing
lysogeny broth medium supplemented with glycerol and manganese (0.1x LBGM), and biovolume in
coculture was compared with that in monocultures as log>(Fold Change) (Fig. 1b).

The distribution of log>(FC) differed substantially between media types, suggesting that many neutral
interactions in rich media become negative in diluted media, in line with stronger resource competition
in nutrient-poor media among microorganisms *°. Examining the biovolume for each isolate (Fig. S2a)
revealed that isolates from site P9 were more likely to antagonise DK 1042 while isolates from the P8
site more often resulted in a high DK1042 biovolume. This also differed between media types, as
cocultures in TSB had a higher degree of within-sample variance in biovolume measurements and
therefore also in calculated logx(FC) values (Fig. S2b and S2c). We divided each isolate into three
categories based on median log,(FC) and found that most interactions (regardless of medium) were
neutral (Fig. 2a), while only a very small number of isolates had a positive effect on DK1042 (Fig. 1b).
These results indicate that fluorescent pseudomonads very rarely stimulate B. subtilis cell abundance in
TSB or 0.1x LBGM, and that inhibition of B. subtilis by Pseudomonas spp. is strongly influenced by

medium composition.
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Fig. 1. Pseudomonads negatively affect B. subtilis. a: DK1042 constitutively expressing mKate2 was mixed pairwise with 720 fluorescent
soil isolates and cultured for 24 h at 30°C in a microplate format. Monocultures of DK 1042 (purple wells) were used for comparison of pellicle
formation, and wells with non-inoculated medium (yellow wells) were used to control for contamination. Each well was imaged in four
positions with a Perkin Elmer Opera QEHS, acquiring images in the Z-direction every 2 um to obtain a cube with height 40 pm. Media was
removed prior to microscopy. b: DK1042 biovolumes were compared between co- and monoculture to yield log,(Fold Change). Points
represent medians of three replicates. Neutral, negative and positive categories were assigned based on median and interquartile range.

Pseudomonas taxonomy predicts interaction outcome
To determine the taxonomic distribution of isolates, we sequenced amplicons of the ¥poD gene from
pools of isolates corresponding to their screening category (neutral, negative and positive; Fig. 2 and

Dataset S1).
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The species diversity of each category demonstrates how the categorisation based on B. subtilis pellicle
formation selectively distributes specific phyla into separate categories (Permutational Analysis of
Variance, p <0.001, Fig. S3). The total library of 720 isolates was mainly comprised of P. capeferrum,
Pseudomonas helmanticensis, Pseudomonas koreensis and P. protegens (Fig. 2c and Table 1). A similar
distribution occured in the neutral category, while negative and positive strains differed significantly in

species abundance. The pool of negative isolates contained more strains associated with the P. putida
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Fig. 2. Screening categories enriched for species-specific taxa. a: Fluorescent isolates were assigned a category based on median
and interquartile range, such that negatives resulted in DK1042 log,(FC) <-1 and positives in log,(FC) >1. n and percentages are from
screening in 0.1x LBGM. b: Isolates were grown in precultures and pooled in equal cell numbers according to their categorisation to
taxonomically characterise each category at the species level via rpoD amplicon sequencing. ¢: Relative abundance of Pseudomonas

spp. in each category. Parentheses indicate groups or P. fluorescens subgroups (see Table 1 for details on taxonomy). Taxons
comprising <2% of a pool were merged.
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group compared with the total library, but no single species was significantly depleted from this
category. Differential abundance analysis revealed that the pool of positive isolates contained fewer
isolates from the Pseudomonas putida group, and the P. protegens, Pseudomonas corrugata and P.
koreensis subgroups, compared with the total library (Table 1). By contrast, P. trivialis and members
of the Pseudomonas mandelii subgroup were enriched. As the pool of positive strains only contained
20 isolates, the statistical power in determining differential abundance was quite low. Therefore, caution
should be applied when inferring from statistical tests in this group, hence we refer to isolates henceforth
as “inhibiting” (negative) or “non-inhibiting” (neutral and positive).

Table 1: Significantly differentially abundant species in screening categories compared with the total library

fluorescens  Pseudomonas sp. Neutral Negative Positive
subgroup” (log,FC) (log,FC) (log:FC)
asplenii P. asplenii 1.363" -0.235 -0.153
corrugata P. thivervalensis -0.028 -0.090 -0.921°
P. brassicacearum -0.066 -0.263 -1.1237
fluorescens  P. trivialis -0.292 -0.381 2.900™
P. cedrina -1.607" 0.646 -1.110
P. libanensis -0.084 -0.038 -1.124°
P. lurida 0.153 -1.097 -1.196"
gesaardii P. brenneri -1.176 1.048 -1.261°
koreensis P. helmanticensis 0.063 0.173 -0.884"
P. granadensis 0.341 -1.736" -1.134
P. moraviensis 0.031 -0.267 -1.244°
mandelii P. lini -0.048 -0.425 2.623"
P. migulae -0.510 -0.348 1.829"
P. frederiksbergensis -0.163 -1.292 1.574™
P. mandelii 0.088 1.007" 0.396
protegens P. protegens -0.015 -0.090 -1.215"
P. putida” P. mosselii -0.935 1.213" -0.830
P.soli -1.558" 0.856 -1.443"
P. entomophila -2.064" 1.138° -2.294™
P. capeferrum -0.452 0.627 -2.493"

@ As described in 15,
b Not a subgroup of P. fluorescens.
* Differentially abundant from the total library with FDR-adjusted p-value <0.05. " FDR-adjusted p-value <0.01.

Bold indicates predictions.
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Fig. 3. Screening prediction of inhibitors and non-inhibitors. a: Cocultures of DK1042 with four reference strains that were independent
from the soil isolate library were used to assess the validity of interaction prediction resulting from screening Pseudomonas soil isolates.
Cultures were grown at 30°C for 24 h (pellicles) or 72 h (colonies). Cultures were prepared with DK 1042 reporting expression of the eps4—-O
operon using GFP. Scale bar = 5 mm. b: Pellicle wrinkle formation represented by the standard deviation in pixel intensity (i.e. high standard
deviation equals stronger wrinkle formation). n = 6 independent experiments. ¢: Colony area of DK1042 spotted as monoculture or
neighbouring the four Pseudomonas reference strains. n = 3 independent cocultures. Grouping letters are from ANOVA with Tukey-Kramer’s
post-hoc test. Identical letters within each plot indicate a statistically significant grouping (p <0.05).

To test the predictions resulting from screening, we obtained four Pseudomonas strains closely related
to species that were implicated in different interaction patterns, and cocultured them with DK1042 in
liquid and solidified 1x LBGM and 0.1x LBGM media (Fig. 3). As predicted, P. capeferrum and P.
protegens both inhibited pellicle formation (even in 1x LBGM), while neither P. /ini nor Pseudomonas
poae (in place of P. trivialis) reduced pellicle abundance or winkle formation (as measured via pixel
standard deviation; Fig. 3b). However, on solid media, no pseudomonad was able to reduce the colony

size of DK1042 on 1x LBGM, but on diluted 0.1x LBGM P. protegens strongly antagonised DK 1042
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(Fig. 3c). Thus, Pseudomonas antagonism of DK1042 not only depends on medium constituents, but

also on mode of growth.
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Fig. 4. Specific BGCs (not abundance) predict interaction outcome. Thirteen isolates were whole-genome sequenced and compared with
the four reference strains. a: AntiSmash predictions of biosynthetic gene clusters (BGCs) and BGC subgroups grouped by inhibition
potential in colony or pellicle cocultures. Statistical tests were pairwise Student’s t-tests adjusted for multiple testing with the false discovery
rate method. ns, not significant (adj. p >0.05). b: Pseudomonas-related natural product machinery encoded within each strain. Strain
phylogeny is based on whole-genome sequence identity as described in TYGS 7.


https://doi.org/10.1101/2023.07.18.549276
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.18.549276; this version posted July 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

BGC abundance does not determine interaction outcome

Pseudomonas secondary metabolites are often implicated in Bacillus-Pseudomonas antagonism '>*2%,
therefore we sequenced the genomes of 13 candidate isolates and predicted BGCs and BGC subgroups
using antiSMASH (Fig. 4). Interestingly, there was no significant difference in the abundance of
encoded BGCs between inhibiting and non-inhibiting isolates (Fig. 4a). Therefore, we examined each
genome for the presence of BGCs with known products (Fig. 4b). As expected, all isolates carried a
version of pyoverdine, a fluorescent siderophore, but many non-inhibitory isolates were negative for
most other biosynthetic gene clusters compared with inhibiting isolates. Isolates from P. mandelii and
Pseudomonas jesenii subgroups collectively encoded only one BGC with a predicted product (rhizoxin,
originally isolated from Paraburkholderia rhizoxinica *°). By contrast, colony-inhibiting isolates from
P.  corrugata and P. protegens subgroups both carried genes encoding 2,4-
diacetylphloroglucinol(DAPG)-producing enzymes, while P. protegens additionally encoded enzymes

for producing pyochelin, orfamide A, pyrrolnitrin, and pyoluteorin.

Non-inhibiting isolates are spatially segregated from DK1042

While the main biofilm mode of B. subtilis in liquid culture involves growth at the air-liquid interface
30 Pseudomonas spp. are usually observed colonising submerged surfaces in laboratory environments,
although examples of Pseudomonas pellicle formation do exist *'*2. The presence of pellicles in
cocultures with non-inhibiting isolates therefore suggests three potential scenarios: either non-inhibiting
pseudomonads are outcompeted by B. subtilis, are growing with B. subtilis in the pellicle, or are
spatially isolated from B. subtilis on the submerged surface of the microtiter plates. To determine which
of these scenarios occurred with DK 1042, we fluorescently labelled a non-inhibitor (P9 _31), cocultured
it statically with DK1042 in liquid 1x LBGM and 0.1x LBGM, and imaged the entire depth of the well
(Fig. 5). In both media, P9 31 was spatially segregated to the submerged surface, even when DK 1042

was mostly present in the pellicle. Interestingly, while cultivation in 1x LBGM resulted in a pellicle
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Fig. 5. Non-inhibiting Pseudomonas is not present in the pellicle. Coculture of DK1042 (magenta) with non-inhibiting isolate P9 31 (green)
in 1x LBGM (a) and 0.1x LBGM (b). Confocal laser scanning microscopy was employed to acquire Z-slices every 20 um spanning the entire
depth of a well. Plots show the mean pixel intensity of each strain over the depth of the well. Pixel intensities cannot be compared between 1x
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both with and without P9 31, cultivation in 0.1x LBGM required P9 31 for pellicle formation, even

though the Pseudomonas isolate was present at the bottom of the well and not in the pellicle.

DAPG is a biomarker for B. subtilis inhibition
Four of five colony-inhibiting isolates were found to contain the conserved phl BGC operon known to

produce DAPG 33 From 61 cocultures on solid 0.1x LBGM, 11 isolates resulted in markedly reduced
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is GeneRuler 1 kb Plus DNA Ladder (Thermo Fisher Scientific). ¢: Cocultures of DK1042 and P. protegens DTU 9.1 and phl-mutant
derivatives of DTU 9.1. AphlACB cannot produce DAPG. AphlACBD additionally cannot produce phloroglucinol, monoacetylated
phloroglucinol, chlorinated phloroglucinol (PG-Cl/PG-Cl,) or pyoluteorin.

koreensis

DK1042 colony growth (Fig. 6a). A PCR screen of the main biosynthetic gene for DAPG, phiD,
revealed that 10 of 11 colony-inhibiting isolates carried phlD (Fig. 6b). By contrast, 0 of 7 non-
inhibiting strains tested positive for phlD. To determine if DAPG or any intermediate products from the
PhlA-D BGC operon, we cocultured P. protegens DTU9.1 and mutants lacking ph/ACB (DAPG") or
phlACBD (phloroglucinol’, monoacetylated phloroglucinol’, DAPG", chlorinated phloroglucinol” and
pyoluteorin’) with DK1042 in liquid 1x LBGM and on solid 0.1x LBGM (Fig. 6¢). Disrupting the
production of DAPG in DTU9.1 markedly improved DK 1042 fitness in colonies but not in pellicles.
Thus, DAPG is a strong inhibitor of B. subtilis growth in colonies and pellicles, but not the only
inhibiting factor.

Discussion

In this study, we propose a generalisation of Bacillus subtilis-Pseudomonas interactions based on
Pseudomonas taxonomy. Our results suggest that fluorescent pseudomonads are very likely to inhibit
the B. subtilis pellicle, particularly in 0.1x LBGM. Many studies have demonstrated how nutrient
sources determine the outcome of pairwise interactions'******> Most of our pairwise interactions were
negative, fitting the current paradigm. Large-scale pairwise interaction studies have demonstrated that
most pairwise interactions are negative, and that the direction of interaction depends on carbon source

complexity?***7_ It is interesting, however, that such a large proportion of our interactions proved to
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be negative or neutral. Granted, our setup only shows the interaction outcome of one of the two
participants, hence we cannot differentiate between mutualism (+/+) and parasitism (+/-). Even so, Kehe
et al. (2021) reported that for 23% of their >180,000 pairwise interactions at least one participant
benefitted from coculturing®, while we report only 2.8% positive interactions, making interactions
between B. subtilis and fluorescent pseudomonads less likely to be positive compared with average
interactions among culturable microorganisms.

This could be due to our decision to coculture under pellicle-inducing conditions. DK1042 proved less
durable in liquid broth compared with solid agar. It is likely that both the pseudomonads and DK 1042
have different metabolic profiles under the two conditions, and that antagonistic molecules are produced
in one setting and not the other. Alternatively, the concentration gradients could be more homogeneous
under liquid conditions; for example, DK 1042 may be unable to reach adequate cell density for biofilm
activation before being growth-inhibited. It is likely that a similar screen performed on solid agar media
would result in fewer examples of Pseudomonas-mediated antagonism.

Predicting interactions from phylogeny is arguably a cornerstone of ecology. Charles Darwin proposed
what would become the competition-relatedness hypothesis, stating that closely related species are more
likely to compete due to niche overlap®®. Indeed, relatedness has consistently correlated with
competitiveness, though some find that there is a competitive “peak” at intermediate relatedness®**.
Bacilli and pseudomonads are phylogenetically distant, belonging to distinct phyla, though
metabolically similar enough that syntrophy between isolates has been reported'. As such, the
competition-relatedness hypothesis states that members of these genera should generally compete.
Additionally, these are organisms with large genomes and the potential to produce several antimicrobial
compounds. Such organisms cluster into highly competitive communities in metabolic simulations*'.
Additionally, members of Bacillus and Pseudomonas are frequently co-isolated, suggesting frequent
encounters and possible co-evolution. Interactions between Streptomyces soil isolates have argued that
local evolution is a stronger contributor to interaction outcomes than phylogeny**. Interactions from
a single grain of soil were dramatically different even across isolates with almost identical 16S rDNA
sequences, and comparisons between three soil sites found interaction network distributions to differ
significantly, again irrespective of phylogenetic distance. In a recent preprint, Pomerleau et al. (2023)
demonstrated how adaptive laboratory co-evolution of B. subtilis with fluorescent pseudomonads

increases B. subtilis competitive potential**

. Thus, it is plausible that competitive interactions between
bacilli and pseudomonads stem from co-evolution. Predicting interactions from taxonomy requires a
certain degree of conservation within taxonomic units. Indeed, with Pseudomonas genomes, accessory
genes have been found to evolve with core genes, suggesting little horizontal gene transfer, and thus
conservation across Pseudomonas phylogeny**. Recently, phylogenetic distance was demonstrated to
correlate positively with predictive ability in pairwise interactions, and interactions are conserved

within a taxonomic unit but vary between units®*. We propose that Pseudomonas constitutes a

taxonomic unit with high phylogenetic predictability, at least in interactions with Bacillus. This


https://doi.org/10.1101/2023.07.18.549276
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.18.549276; this version posted July 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

predictability provides potential for future bioformulations. Both P. trivialis and P. lini have been

implicated in biocontrol and biostimulation*’*

, and their compatibility with B. subtilis therefore
implicates them as candidates for beneficial Bacillus-Pseudomonas consortia. Future studies should
investigate how mixed cultures function in the rhizosphere and in more diverse communities.

Positive interactions between Bacillus and Pseudomonas have been reported before, but never with a
fluorescent isolate. Sun et al. (2021) molecularly characterised a mutualistic relationship between
Bacillus velezensis and Pseudomonas stutzeri (now Stutzerimonas degradans) **, and described how B.
velezensis arrives first and subsequently recruits Pseudomonas spp. This interaction gave rise to a mixed
biofilm of homogeneously distributed B. velezensis and S. degradans, which we did not observe. Rather,
we observed spatial segregation to the air-liquid interface (DK1042) and the liquid-surface interface
(P9_31), though still with enhanced pellicle density in 0.1x LBGM. One could speculate that P9 31
secretes a metabolite that can be distributed throughout the medium and that influences Bacillus pellicle
formation.

We found several antagonistic species, and, like others before us 50,51

, experimentally demonstrated the
influence of DAPG produced by Pseudomonas as a key antagonistic metabolite. However, species
without the biosynthetic potential to produce DAPG were also characterised as antagonistic, herein
members of the P. putida group (P. entomophila and P. capeferrum) and the P. fluorescens subgroup.
Previous studies demonstrated how cyclic lipopeptide-producing pseudomonads can inhibit Bacillus
spp. *2, and given their potential to produce one or more cyclic lipopeptides, the isolates presented here
likely share a similar antagonistic property mediated by bioactive specialised metabolites.
Understanding cocultures of Bacillus and Pseudomonas is pertinent to their applicability in
biotechnology. Especially within agriculture, plant growth-promoting rhizobacteria are being
investigated as alternatives to traditional fertilisers and pesticides. Both B. subtilis and many fluorescent
pseudomonads are characterised as plant growth-promoting, and several products based on members of
either genus are currently available ***. Interestingly, several studies report having successfully
combined bacilli and pseudomonads and achieved some form of synergy **°. Our results suggest that
this synergy likely does not stem from increased Bacillus growth. This does not contradict the
aforementioned studies, which do not report on synergistic growth of members, but on outcomes of
other parameters (often plant growth with or without stress). One study even reported biocontrol
synergy from a mixture of B. subtilis and P. protegens °°, which suggests either that continued growth
of both participants is not required for synergy, or that higher-order interactions abolish DAPG-
mediated antagonism of B. subtilis.

Both species may not be required to be present at the same time. If the hypothesis proposed by Sun and
colleagues that Bacillus recruits Pseudomonas to the rhizosphere is correct, it is possible that
Pseudomonas is the effector of biocontrol, eradicating Bacillus in the process. However, the fact that

many studies have isolated members of both genera from the rhizosphere provides evidence supporting
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co-existence of the two. Our pairwise interactions then suggest that other factors underpin Bacillus and
Pseudomonas compatibility.
Although future studies are needed to probe the entire breadth of Pseudomonas phylogeny and how it

enables interaction predictions, our work demonstrates the relevance in doing so.

Methods

Culturing and genetic modification

A library of 720 soil isolates was acquired from soil samples taken from pristine grassland in Dyrehaven
Lyngby, Denmark, by plating solubilised soil on King’s B agar (KB; 20 g/L peptone, 1% v/v glycerol,
8.1 mmol/L K;HPO4, 6.08 mmol/L MgSO4-7H>0) supplemented with 40 pg/mL ampicillin, 13 pg/mL
chloramphenicol and 100 pg/mL cycloheximide. Plates were incubated at 30°C for 5 days, and colonies
were assessed for fluorescence and placed into lysogeny broth (LB; Lennox, Carl Roth, Karlsruhe,
Germany) in 96-well microtiter plates. We labelled the isolation sites as P5 (n = 237 isolates), P8 (n =
279) and P9 (n = 224), where P5 and P9 came from short grass, while P8 came from long grass.
DK1042 and soil isolates were routinely cultured in tryptone soy broth (CASO broth; Sigma-Aldrich,
Darmstadt, Germany), LB, LB supplemented with 1% glycerol and 0.1 mM MnCl; (1x LBGM), and a
10x dilution of LBGM (0.1x LBGM) at 30°C. Solid media was supplemented with 1.5% (w/v) agar.
Antibiotics were added as appropriate in the following final concentrations: gentamycin (Gm) 50
pg/mL, ampicillin (Amp) 100 pg/mL, chloramphenicol (Cm) 10 pg/mL, nalidixic acid (NalAc) 20
ug/mL.

Pseudomonas soil isolates were fluorescently tagged by inserting constitutively expressed msfGFP into

the attTn7 site as described previously *’.

High-content screening

Precultures of isolates and B. subtilis DK1042 Phy-mKate2 were mixed in equal volumes in 96-well
imaging microtiter plates (PerkinElmer, Waltham, MA, USA) in TSB or 0.1x LBGM (Fig. 1a). Isolates
were adjusted to a final dilution of 100-fold and DK 1042 to a final ODgoo = 0.01. One column contained
DK1042 monocultures and one column non-inoculated medium (blank control). Pellicles were
incubated at 30°C for 24 h, before removing the supernatant underneath the pellicle and scanning the
plate in an Opera QEHS high-content screening microscope (PerkinElmer) equipped with a
UAPO20xW3/340 objective with NA = 0.7.

Focal height was adjusted using monoculture samples, and each plate was scanned by imaging four
random locations per well, acquiring 21 Z-slices in increments of 2.0 pm from the bottom. Samples
were excited with a 561 nm laser collecting emission light through a 690/70 nm filter for mKate2

fluorescence. Laser power was set to 100 uW and samples were excited for 800 ms.
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Opera flex-files were imported into FIJI (2.1.0/1.53£51) *® using BioFormats and segmented by applying
a 5x5 mean convolution kernel to remove noise, a 3D median filter with radius Z = 2.0 pm to remove
single cells or objects only present in one slice, and applying the built-in ImageJ Remove Background
function with a rolling ball size of 100 px. Images were then thresholded using the MaxEnthropy
algorithm *’ based on the pixel intensities in the entire volume (Fig. S1).

Biovolume was calculated using BiofilmQ * by importing the segmented images and sectioning the
segmentation into 8 pm cubes. Objects smaller than 8 pm® were filtered out and the total biovolume
from each image stack was determined.

Subsequent analysis was carried out in Rstudio (2022.02.3-b492) °' within R (4.1.1) ®* with the
Tidyverse framework (1.3.1) ©. Logx(FoldChange) was calculated between the coculture biovolume of
each isolate and the monoculture biovolume in the corresponding plate. Assuming that each participant
in a biofilm is theoretically able to occupy 1/k of the space (where k is the number of participants), we
divided the biovolume from the monoculture by k to take this lack of space into account.

Isolates were divided into three categories (neutral, negative, or positive) based on the median and

interquartile range of three biological replicates (Fig. 2a).

rpoD-targeted amplicon sequencing

To determine the taxonomic composition of the screen output, we employed a targeted amplicon
sequencing approach using the species-specific gene rpoD as previously demonstrated *,

Precultures of isolates were adjusted to OD = 0.5 and pooled by equal volume according to their
category. Genomic DNA was extracted twice from 100 puL of each pool using a Bacterial & Yeast
Genomic DNA Purification Kit (EURx, Gdansk, PL) following the manufacturer’s instructions,
yielding 1000—1500 ng of DNA in 50 pL. DNA was also extracted from a pool of all 720 isolates and
as a negative control, nuclease-free HO was used in place of a bacterial pool. From each DNA
extraction, 10 ng was used as template in two PCR amplification experiments using TEMPase hotstart
polymerase (Ampliqon, Odense, DK) and barcoded primer pairs (Table S1), resulting in two PCR
mixtures from each of two genomic DNA extractions. A final 25 uLL PCR experiment consisted of
TEMPase mastermix (1x), forward primer (320 nmol/L), reverse primer (320 nmol/L), MgCl, (1.75
mmol/L), template gDNA and nuclease-free H,O. The reaction was initiated with 15 min at 95°C to
denature the DNA and activate the TEMPase polymerase, followed by 35 cycles of 30 s denaturation
(95°C), 30 s annealing (53°C), 30 s elongation (70°C), and a final 5 min elongation step at 70°C. Read
length was assessed by DNA agarose gel electrophoresis (1% w/v) and amplicons were purified from
the PCR mix using a NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Diiren, DE) following
manufacturer’s instructions.

DNA purities and concentrations were assessed using a Denovix spectrophotometer (DeNovix,

Wilmington, DE, USA) and a Qubit 2.0 fluorimeter (Thermo Fisher Scientific, Waltham, MA, USA)
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and a Qubit High Sensitivity kit, respectively. Optical density ratios (260/280 and 260/230) measured
2.0+ 0.20 and concentrations ranged from 20 to 68 ng/uL. Amplicon DNA (360 ng) from each sample
was pooled to a total of 10 pg DNA and sent to Seqomics Biotechnology Ltd. for sequencing on a
MiSeq platform (Illumina, San Diego, CA, USA) using a MiSeq Reagent Kit v3 (600-cycle).

The resulting reads were quality-checked and demultiplexed using CutAdapt V4.0 ®°. FastP V0.23.2 %
was used with default settings for quality filtering. Mapping and post-mapping filtering was performed
using the bowtier.sh script from Lauritsen et al. 2021 . In brief, paired reads were aligned with bowtie2
to a custom database of 160 rpoD genes. The resulting SAM-file was then filtered for only concordant
pairs mapped with a quality >10 using samtools. In Rstudio, a permutational multivariate ANOVA was
performed to test for between-sample clustering. Amplicon reads were normalized with DESeq2 *
before calculating relative abundances. Differential abundance analysis was carried out using ANCOM-
BC % with uncorrected read counts and multiple testing was corrected with the false discovery rate
(FDR) method ¢.

In addition, Sanger sequencing of the rpoD gene was used for individual routine taxonomic

identification of isolates with primers PSEG30F and PSEG790R .

Pairwise interactions

On agar, DK1042 amyE::Phyperspank-mKate2 sacA::Pep-gfp and a candidate isolate were spotted 5.0 mm
apart on agar surfaces using 2 uL of culture at an ODggo of 1.0. Prior to spotting, plates were dried for
30 min in a lateral flow hood then incubated at 30°C for 72 h.

In broth, the DK 1042 amyE::Phyperspank-mKate2 sacA::Peys-gfp strain and a candidate isolate were mixed
1:1 volumetrically in 1 mL liquid LBGM in 24-well microtiter plates at a final ODgoo of 0.01 and
incubated for 24 h at 30°C.

Example Pseudomonas strains were P. [ini 1.6, P. poae DSM 14936 0 Pseudomonas kermanshahensis

F8 (previously P. capeferrum)’" and P. protegens DTU 9.1 7",

Stereomicroscopy

Colonies and pellicles were imaged with a Carl Zeiss Axio Zoom.V16 stereomicroscope (Carl Zeiss,
Oberkochen, Baden-Wiirttemberg, Germany) equipped with a CL 9000 LED light source (Carl Zeiss)
and an AxioCam 503 monochromatic camera (Carl Zeiss). The stereoscope was equipped with a
PlanApo Z 0.5%/0.125 FWD 114 mm, and the filter sets 38 HE eGFP (ex: 470/40, em: 525/50) and 63
HE mRFP (ex: 572/25, em: 629/62). Exposure time was optimised for contrast but kept constant under
identical conditions (i.e. media types or biofilm type).

Image processing and analysis was performed in FIJI. Contrast in fluorescence channels was adjusted
identically on a linear scale to allow for visual comparisons between images with equal exposure time.

Reporter fluorescence intensity was measured by segmenting the colony of interest with the Triangle
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thresholding algorithm " based on mKate2 signal and measuring relative eGFP intensity per area within
the resulting region of interest outlining the entire colony. For pellicles, circles were manually fitted to
include only the well. Standard deviation of the pixel intensity was measured and reported as a proxy

for pellicle wrinkles.

Confocal microscopy

DK1042 was cultured with isolate P9 31 in 1x LBGM or 0.1x LBGM in 24-well imaging microtiter
plates (PerkinElmer). Wells were imaged on a Leica SP8 confocal microscope (Leica Microsystems,
Wetzlar, Germany) equipped with an HC PL Fluotar 10x/0.30 air objective and lasers exciting at 488
nm and 552 nm. Photomultiplier tubes were adjusted to acquire photons at wavelengths of 493—-58 1nm
(msfGFP) and 586—779nm, and gain was adjusted for optimal contrast, but kept constant for each media
type. Images were acquired with 8 bits and size 512px x 512px x 247px (XYZ — voxel size: 1.78 um x

1.78 um x 20.00 um) averaging over four lines.

Genome mining

Whole-genome sequencing was performed as described previously *’. Assembled genomes were
annotated with Bakta (V1.6.1) * and a BGC presence/absence matrix was created with antiSMASH
(V7.0.0) ™ using its relaxed mode performing KnownClusterBlast, ClusterBlast, SubClusterBlast and
MIBIiG cluster comparison, and ActiveSiteFinder, RREFinder and TFBS analysis. Results were
manually curated using the Pseudomonas Genome Database " as reference. PCR screening for phlD
was performed with primers B2BF (5’-ACCCACCGCAGCATCGTTTATGAGC) and BPR4 (5’-
CCGCCGGTATGGAAGATGAAAAAGTC), yielding a 630 bp product.

Data availability

Analysis scripts and  processed data  have been deposited at Github
(https://github.com/marklyng/screen_repository). rpoD amplicon sequencing data have been deposited
at the Sequence Read Archive under BioProject ID PRINA985909.

Acknowledgements

This project was funded by a DTU Alliance Strategic Partnership PhD fellowship, by the Danish
National Research Foundation (DNRF137) for the Center for Microbial Secondary Metabolites, and the
Novo Nordisk Foundation within the INTERACT project of the Collaborative Crop Resiliency Program
(NNF19SA0059360), and the “Imaging microbial language in bio-control (IMLiB)” infrastructure grant
(NNF190C0055625).


https://doi.org/10.1101/2023.07.18.549276
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.18.549276; this version posted July 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

References

1.

10.

11.

12.

Blake, C., Christensen, M.N., and Kovacs, A.T. (2021). Molecular aspects of plant growth
promotion and protection by Bacillus subtilis. Molecular Plant-Microbe Interactions 34, 15—
25.10.1094/MPMI-08-20-0225-CR.

Singh, P., Singh, R.K., Zhou, Y., Wang, J., Jiang, Y., Shen, N., Wang, Y., Yang, L., and Jiang, M.
(2022). Unlocking the strength of plant growth promoting Pseudomonas in improving crop
productivity in normal and challenging environments: a review. J Plant Interact 17, 220-238.
10.1080/17429145.2022.2029963.

Comeau, D., Balthazar, C., Novinscak, A., Bouhamdani, N., Joly, D.L., and Filion, M. (2021).
Interactions Between Bacillus spp., Pseudomonas spp. and Cannabis sativa Promote Plant
Growth. Front Microbiol 12, 715758. 10.3389/fmicb.2021.715758.

Bautista-Cruz, A., Antonio-Revuelta, B., del Carmen Martinez Gallegos, V., and Baez-Pérez, A.
(2019). Phosphate-solubilizing bacteria improve Agave angustifolia Haw. growth under field
conditions. J Sci Food Agric 99, 6601-6607. 10.1002/jsfa.9946.

Balthazar, C., Cantin, G., Novinscak, A., Joly, D.L., and Filion, M. (2020). Expression of Putative
Defense Responses in Cannabis Primed by Pseudomonas and/or Bacillus Strains and Infected
by Botrytis cinerea. Front Plant Sci 11. 10.3389/fpls.2020.572112.

Kalantari, S., Marefat, A., Naseri, B., and Hemmati, R. (2018). Improvement of bean yield and
Fusarium root rot biocontrol using mixtures of Bacillus, Pseudomonas and Rhizobium. Trop
Plant Pathol 43, 499-505. 10.1007/s40858-018-0252-y.

Ghazy, N., and EI-Nahrawy, S. (2021). Siderophore production by Bacillus subtilis MF497446
and Pseudomonas koreensis MG209738 and their efficacy in controlling Cephalosporium
maydis in maize plant. Arch Microbiol 203, 1195-1209. 10.1007/s00203-020-02113-5.

Kiesewalter, H.T., Lozano-Andrade, C.N., Wibowo, M., Strube, M.L., Maréti, G., Snyder, D.,
Jgrgensen, T.S., Larsen, T.0., Cooper, V.S., Weber, T., et al. (2021). Genomic and Chemical
Diversity of Bacillus subtilis Secondary Metabolites against Plant Pathogenic Fungi. mSystems
6, e00770-20.

Asaka, O., and Shoda, M. (1996). Biocontrol of Rhizoctonia solani Damping-Off of Tomato
with Bacillus subtilis RB14. Appl Environ Microbiol 62, 4081-4085.

Ongena, M., Jacques, P., Touré, Y., Destain, J., Jabrane, A., and Thonart, P. (2005).
Involvement of fengycin-type lipopeptides in the multifaceted biocontrol potential of Bacillus
subtilis. Appl Microbiol Biotechnol 69, 29-38. 10.1007/s00253-005-1940-3.

Bais, H.P., Fall, R., and Vivanco, J.M. (2004). Biocontrol of Bacillus subtilis against Infection of
Arabidopsis Roots by Pseudomonas syringae |s Facilitated by Biofilm Formation and Surfactin
Production. Plant Physiol 134, 307-319. 10.1104/pp.103.028712.

Molina-Santiago, C., Vela-Corcia, D., Petras, D., Diaz-Martinez, L., Pérez-Lorente, A.l., Sopefia-
Torres, S., Pearson, J., Caraballo-Rodriguez, A.M., Dorrestein, P.C., de Vicente, A., et al.
(2021). Chemical interplay and complementary adaptative strategies toggle bacterial
antagonism and co-existence. Cell Rep 36, 109449. 10.1016/j.celrep.2021.109449.


https://doi.org/10.1101/2023.07.18.549276
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.18.549276; this version posted July 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

made available under aCC-BY-NC-ND 4.0 International license.

Dragos, A., Kiesewalter, H., Martin, M., Hsu, C.Y., Hartmann, R., Wechsler, T., Eriksen, C., Brix,
S., Drescher, K., Stanley-Wall, N., et al. (2018). Division of Labor during Biofilm Matrix
Production. Current Biology 28, 1903-1913.e5. 10.1016/j.cub.2018.04.046.

Sun, X., Xu, Z., Xie, J., Hesselberg-Thomsen, V., Tan, T., Zheng, D., Strube, M.L., Dragos, A.,
Shen, Q., Zhang, R., et al. (2022). Bacillus velezensis stimulates resident rhizosphere
Pseudomonas stutzeri for plant health through metabolic interactions. ISME Journal 16, 774—
787.10.1038/s41396-021-01125-3.

Hesse, C., Schulz, F., Bull, C.T., Shaffer, B.T., Yan, Q., Shapiro, N., Hassan, K.A., Varghese, N.,
Elbourne, L.D.H., Paulsen, I.T., et al. (2018). Genome-based evolutionary history of
Pseudomonas spp. Environ Microbiol 20, 2142-2159. 10.1111/1462-2920.14130.

Chiellini, C., Lombardo, K., Mocali, S., Miceli, E., and Fani, R. (2019). Pseudomonas strains
isolated from different environmental niches exhibit different antagonistic ability. Ethol Ecol
Evol 31, 399-420. 10.1080/03949370.2019.1621391.

Crone, S., Vives-Florez, M., Kvich, L., Saunders, A.M., Malone, M., Nicolaisen, M.H., Martinez-
Garcia, E., Rojas-Acosta, C., Catalina Gomez-Puerto, M., Calum, H., et al. (2020). The
environmental occurrence of Pseudomonas aeruginosa. APMIS 128, 220-231.
10.1111/apm.13010.

Peix, A., Ramirez-Bahena, M.H., and Veldzquez, E. (2018). The current status on the taxonomy
of Pseudomonas revisited: An update. Infection, Genetics and Evolution 57, 106—-116.
10.1016/j.meegid.2017.10.026.

Raaijmakers, J.M., and Weller, D.M. (1998). Natural Plant Protection by 2,4-
Diacetylphloroglucinol-Producing Pseudomonas spp. in Take-All Decline Soils. Mol Plant
Microbe Interact 11, 144-152.

Xin, X.F., Kvitko, B., and He, S.Y. (2018). Pseudomonas syringae: What it takes to be a
pathogen. Nat Rev Microbiol 16, 316-328. 10.1038/nrmicro.2018.17.

Qin, S., Xiao, W., Zhou, C., Pu, Q., Deng, X., Lan, L., Liang, H., Song, X., and Wu, M. (2022).
Pseudomonas aeruginosa: pathogenesis, virulence factors, antibiotic resistance, interaction

with host, technology advances and emerging therapeutics. Signal Transduct Target Ther 7,
1-27.10.1038/s41392-022-01056-1.

Joshi, M.N., Dhebar, S. v., Dhebar, S. v., Bhargava, P., Pandit, A., Patel, R.P., Saxena, A., and
Bagatharia, S.B. (2014). Metagenomics of petroleum muck: Revealing microbial diversity and
depicting microbial syntrophy. Arch Microbiol 196, 531-544. 10.1007/s00203-014-0992-0.

Trantas, E.A,, Sarris, P.F., Pentari, M.G., Mpalantinaki, E.E., Ververidis, F.N., and Goumas, D.E.
(2015). Diversity among Pseudomonas corrugata and Pseudomonas mediterranea isolated
from tomato and pepper showing symptoms of pith necrosis in Greece. Plant Pathol 64, 307—-
318.10.1111/ppa.12261.

Xin, X.F., Kvitko, B., and He, S.Y. (2018). Pseudomonas syringae: What it takes to be a
pathogen. Nat Rev Microbiol 16, 316-328. 10.1038/nrmicro.2018.17.

Lyng, M., and Kovdcs, A.T. (2023). Frenemies of the soil: Bacillus and Pseudomonas
interspecies interactions. Trends Microbiol, TIMI2204. 10.1016/j.tim.2023.02.003.


https://doi.org/10.1101/2023.07.18.549276
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.18.549276; this version posted July 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

made available under aCC-BY-NC-ND 4.0 International license.

Kehe, J., Ortiz, A., Kulesa, A., Gore, J., Blainey, P.C., and Friedman, J. (2021). Positive
interactions are common among culturable bacteria. Sci Adv 7, eabi7159.

Andri¢, S., Rigolet, A., Arglielles Arias, A., Steels, S., Hoff, G., Balleux, G., Ongena, L., Hofte, M.,
Meyer, T., and Ongena, M. (2022). Plant-associated Bacillus mobilizes its secondary
metabolites upon perception of the siderophore pyochelin produced by a Pseudomonas
competitor. ISME J. 10.1038/s41396-022-01337-1.

Andri¢, S., Meyer, T., Rigolet, A., Prigent-Combaret, C., Hofte, M., Balleux, G., Steels, S., Hoff,
G., De Mot, R., Mccann, A,, et al. (2021). Lipopeptide Interplay Mediates Molecular
Interactions between Soil Bacilli and Pseudomonads. Microbiol Spectr 9, e02038-21.
https://doi.org/10.1128/spectrum.02038-21.

Partida-Martinez, L.P., and Hertweck, C. (2005). Pathogenic fungus harbours endosymbiotic
bacteria for toxin production. Nature 437, 884—888. 10.1038/nature03997.

Vlamakis, H., Chai, Y., Beauregard, P., Losick, R., and Kolter, R. (2013). Sticking together:
Building a biofilm the Bacillus subtilis way. Nat Rev Microbiol 11, 157-168.
10.1038/nrmicro2960.

Zhu, J., Yan, Y., Wang, Y., and Qu, D. (2019). Competitive interaction on dual-species biofilm
formation by spoilage bacteria, Shewanella baltica and Pseudomonas fluorescens. ) Appl
Microbiol 126, 1175-1186.10.1111/jam.14187.

Farias, G.A., Olmedilla, A., and Gallegos, M.T. (2019). Visualization and characterization of
Pseudomonas syringae pv. tomato DC3000 pellicles. Microb Biotechnol 12, 688—-702.
10.1111/1751-7915.13385.

Almario, J., Bruto, M., Vacheron, J., Prigent-Combaret, C., Moénne-Loccoz, Y., and Muller, D.
(2017). Distribution of 2,4-diacetylphloroglucinol biosynthetic genes among the Pseudomonas
spp. Reveals unexpected Polyphyletism. Front Microbiol 8, 1-9. 10.3389/fmicb.2017.01218.

Nestor, E., Toledano, G., and Friedman, J. (2023). Interactions between Culturable Bacteria
Are Predicted by Individual Species’ Growth. mSystems 8, e00836-22.
10.1128/msystems.00836-22.

Baichman-Kass, A., Song, T., and Friedman, J. (2023). Competitive interactions between
culturable bacteria are highly non-additive. Elife 12, e83398. 10.7554/elLife.

Foster, K.R., and Bell, T. (2012). Competition, not cooperation, dominates interactions among
culturable microbial species. Current Biology 22, 1845-1850. 10.1016/j.cub.2012.08.005.

Palmer, J.D., and Foster, K.R. (2022). Bacterial species rarely work together. Science (1979)
376, 581-582.10.1126/science.abn5093.

Darwin, C. (1859). On the origin of species by means of natural selection First. J. Murray, ed.
(W. Clowes and Sons).

Schoustra, S.E., Dench, J., Dali, R., Aaron, S.D., and Kassen, R. (2012). Antagonistic interactions
peak at intermediate genetic distance in clinical and laboratory strains of Pseudomonas
aeruginosa. BMC Microbiol 12, 40. 10.1186/1471-2180-12-40.


https://doi.org/10.1101/2023.07.18.549276
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.18.549276; this version posted July 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

made available under aCC-BY-NC-ND 4.0 International license.

Russel, J., Rgder, H.L., Madsen, J.S., Burmglle, M., and Sgrensen, S.J. (2017). Antagonism
correlates with metabolic similarity in diverse bacteria. PNAS 114, 10684-10688.
10.1073/pnas.1706016114.

Machado, D., Maistrenko, O.M., Andrejev, S., Kim, Y., Bork, P., Patil, K.R., and Patil, K.R.
(2021). Polarization of microbial communities between competitive and cooperative
metabolism. Nat Ecol Evol 5, 195-203. 10.1038/s41559-020-01353-4.

Vetsigian, K., Jajoo, R., and Kishony, R. (2011). Structure and evolution of Streptomyces
interaction networks in soil and in silico. PLoS Biol 9, e1001184.
10.1371/journal.pbio.1001184.

Schlatter, D.C., Song, Z., Vaz-Jauri, P., and Kinkel, L.L. (2019). Inhibitory interaction networks
among coevolved Streptomyces populations from prairie soils. PLoS One 14, e0223779.
10.1371/journal.pone.0223779.

Pomerleau, M., Charron-Lamoureux, V., Léonard, L., Grenier, F., Rodrigue, S., and
Beauregard, P.B. (2023). Adaptative Laboratory Evolution reveals biofilm regulating genes as
key players in B. subtilis root colonization. BioRxiv. 10.1101/2023.07.04.547689.

Pacheco-Moreno, A., Stefanato, F.L., Ford, J.J., Trippel, C., Uszkoreit, S., Ferrafiat, L., Grenga,
L., Dickens, R., Kelly, N., Kingdon, A.D.H., et al. (2021). Pan-genome analysis identifies
intersecting roles for Pseudomonas specialized metabolites in potato pathogen inhibition.
Elife 10, €71900. 10.7554/eLife.71900.

Garrido-Sanz, D., Meier-Kolthoff, J.P., Goker, M., Martin, M., Rivilla, R., and Redondo-Nieto,
M. (2016). Genomic and genetic diversity within the Pseudomonas fluorescens complex. PLoS
One 11, e0150183. 10.1371/journal.pone.0150183.

Mejri, D., Gamalero, E., and Souissi, T. (2013). Formulation development of the deleterious
rhizobacterium Pseudomonas trivialis X33d for biocontrol of brome (Bromus diandrus) in
durum wheat. J Appl Microbiol 114, 219-228. 10.1111/jam.12036.

Abd El-Aziz, F.E.Z.A., and Bashandy, S.R. (2019). Dose-dependent effects of Pseudomonas
trivialis rhizobacteria and synergistic growth stimulation effect with earthworms on the
common radish. Rhizosphere 10, 100156. 10.1016/j.rhisph.2019.100156.

Egamberdieva, D., Berg, G., Lindstrom, K., and Rasanen, L.A. (2013). Alleviation of salt stress
of symbiotic Galega officinalis L. (goat’s rue) by co-inoculation of Rhizobium with root-
colonizing Pseudomonas. Plant Soil 369, 453-465. 10.1007/s11104-013-1586-3.

Powers, M.J., Sanabria-Valentin, E., Bowers, A.A., and Shank, E.A. (2015). Inhibition of cell
differentiation in Bacillus subtilis by Pseudomonas protegens. ) Bacteriol 197, 2129-2138.
10.1128/JB.02535-14.

Getzke, F., Hassani, M.A., Crisemann, M., Malisic, M., Zhang, P., Ishigaki, Y., Bohringer, N.,
Jiménez Fernandez, A., Wang, L., Ordon, J., et al. (2023). Cofunctioning of bacterial
exometabolites drives root microbiota establishment. PNAS 120, e2221508120.
10.1073/pnas.2221508120.

Geudens, N., and Martins, J.C. (2018). Cyclic lipodepsipeptides from Pseudomonas spp. -
Biological Swiss-Army knives. Front Microbiol 9, 1867. 10.3389/fmicb.2018.01867.


https://doi.org/10.1101/2023.07.18.549276
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.18.549276; this version posted July 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

made available under aCC-BY-NC-ND 4.0 International license.

Fira, D., Dimki¢, 1., Beri¢, T., Lozo, J., and Stankovi¢, S. (2018). Biological control of plant
pathogens by Bacillus species. J Biotechnol 285, 44-55. 10.1016/j.jbiotec.2018.07.044.

Hofte, M. (2021). The use of Pseudomonas spp. as bacterial biocontrol agents to control plant
diseases. In Microbial bioprotectants for plant disease management, pp. 301-374.
10.19103/as.2021.0093.11.

Kumar, M., Mishra, S., Dixit, V., Kumar, M., Agarwal, L., Chauhan, P.S., and Nautiyal, C.S.
(2016). Synergistic effect of Pseudomonas putida and Bacillus amyloliquefaciens ameliorates
drought stress in chickpea (Cicer arietinum L.). Plant Signal Behav 11, e1071004.
10.1080/15592324.2015.1071004.

Khabbaz, S.E., Zhang, L., Caceres, L.A., Sumarah, M., Wang, A., and Abbasi, P.A. (2015).
Characterisation of antagonistic Bacillus and Pseudomonas strains for biocontrol potential
and suppression of damping-off and root rot diseases. Annals of Applied Biology 166, 456—
471.10.1111/aab.12196.

Lyng, M., Jgrgensen, J.P.B., Schostag, M.D., Jarmusch, S.A., Aguilar, D.K.C., Lozano-Andrade,
C.-L.N., and Kovécs, A.T. (2023). Competition for iron shapes metabolic antagonism between
Bacillus subtilis and Pseudomonas. BioRxiv. 10.1101/2023.06.12.544649.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S.,
Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: An open-source platform for biological-
image analysis. Nat Methods 9, 676-682. 10.1038/nmeth.2019.

Wong, A.K., and Sahoo, P. (1989). A Gray-Level Threshold Selection Method Based on
Maximum Entropy Principle. IEEE 19, 866—871. 10.1109/21.35351.

Hartmann, R., Jeckel, H., Jelli, E., Singh, P.K., Vaidya, S., Bayer, M., Rode, D.K.H., Vidakovic, L.,
Diaz-Pascual, F., Fong, J.C.N,, et al. (2021). Quantitative image analysis of microbial
communities with BiofilmQ. Nat Microbiol 6, 151-156. 10.1038/s41564-020-00817-4.

RStudio Team (2019). RStudio: Integrated Development for R.
R Core Team (2021). R: A language and environment for statistical computing.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Francois, R., Grolemund, G.,
Hayes, A., Henry, L., Hester, J., et al. (2019). Welcome to the Tidyverse. J Open Source Softw
4,1-6.10.21105/joss.01686.

Lauritsen, J.G., Hansen, M.L., Bech, P.K., Jelsbak, L., Gram, L., and Strube, M.L. (2021).
Identification and Differentiation of Pseudomonas Species in Field Samples Using an rpoD
Amplicon Sequencing Methodology. mSystems 6, 1-14.

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnetJ 17, 10-12. 10.14806/¢ej.17.1.200.

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: An ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884—i890. 10.1093/bioinformatics/bty560.

Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol 15, 1-21. 10.1186/s13059-014-0550-
8.


https://doi.org/10.1101/2023.07.18.549276
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.18.549276; this version posted July 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

68. Lin, H., and Peddada, S. Das (2020). Analysis of compositions of microbiomes with bias
correction. Nat Commun 11, 3514. 10.1038/s41467-020-17041-7.

69. Benjaminit, Y., and Hochberg, Y. (1995). Controlling the False Discovery Rate: a Practical and
Powerful Approach to Multiple Testing. J. R. Statist. Soc. B 57, 289-300. 10.1111/j.2517-
6161.1995.tb02031.x.

70. Behrendt, U., Ulrich, A., and Schumann, P. (2003). Fluorescent pseudomonads associated
with the phyllosphere of grasses; Pseudomonas trivialis sp. nov., Pseudomonas poae sp. nov.
and Pseudomonas congelans sp. nov. Int J Syst Evol Microbiol 53, 1461-1469.
10.1099/ijs.0.02567-0.

71. Hansen, M.L., Wibowo, M., Jarmusch, S.A., Larsen, T.0O., and Jelsbak, L. (2022). Sequential
interspecies interactions affect production of antimicrobial secondary metabolites in
Pseudomonas protegens DTU9.1. ISME Journal 16, 2680-2690. 10.1038/s41396-022-01322-8.

72. Zack, G.W., Rogers, W.E., and Latt, S.A. (1977). Automatic measurement of sister chromatid
exchange frequency. The Journal of Histochemistry and Cytochemistry 25, 741-753.
10.1177/25.7.70454.

73. Schwengers, O., Jelonek, L., Dieckmann, M.A., Beyvers, S., Blom, J., and Goesmann, A. (2021).
Bakta: Rapid and standardized annotation of bacterial genomes via alignment-free sequence
identification. Microb Genom 7, 000685. 10.1099/MGEN.0.000685.

74. Blin, K., Shaw, S., Augustijn, H.E., Reitz, Z.L., Biermann, F., Alanjary, M., Fetter, A., Terlouw,
B.R., Metcalf, W.W., Helfrich, E.J.N., et al. (2023). antiSMASH 7.0: new and improved
predictions for detection, regulation, chemical structures and visualisation. Nucleic Acids Res
gkad344. 10.1093/nar/gkad344.

75. Winsor, G.L., Griffiths, E.J., Lo, R., Dhillon, B.K., Shay, J.A., and Brinkman, F.S.L. (2016).
Enhanced annotations and features for comparing thousands of Pseudomonas genomes in
the Pseudomonas genome database. Nucleic Acids Res 44, D646—D653.
10.1093/nar/gkv1227.

76. Meier-Kolthoff, J.P., Carbasse, J.S., Peinado-Olarte, R.L., and Goker, M. (2022). TYGS and
LPSN: A database tandem for fast and reliable genome-based classification and nomenclature
of prokaryotes. Nucleic Acids Res 50, D801-D807. 10.1093/nar/gkab902.


https://doi.org/10.1101/2023.07.18.549276
http://creativecommons.org/licenses/by-nc-nd/4.0/

