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Abstract

Deciphering the cues that stimulate mieroorganisms to produce their full secondary metabolic
potential promises to speed up the discovery of novel drugs. Ecology-relevant conditions,
including carbon-seurce(s) and microbial interactions, are important effectors of secondary
metabolite production. Vice versa, secondary metabolites are important mediators in
microbialiinteractions, although their exact natural functions are not always completely
understood. In this study, we investigated the effects of microbial interactions and in-culture
produced antibiotics on the production of secondary metabolites by Vibrio coralliilyticus and

Photobacterium galatheae, two co-occurring marine Vibrionaceae. In co-culture, production

© The Author(s) 2021. Published by Oxford University Press on behalf of FEMS. All rights reserved.
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of andrimid by V. coralliilyticus and holomycin by P. galatheae, were, compared to
monocultures, increased 4.3 and 2.7 fold respectively. Co-cultures with the antibiotic
deficient mutant strains (andrimid” and holomycin’) did not reveal a significant role for the
competitor’s antibiotic as stimulator of own secondary metabolite production. Furthermore,
we observed that V. coralliilyticus detoxifies holomycin by sulphur-methylation. Results
presented here indicate that ecological competition in Vibrionaceae is mediated by, and a cue

for, antibiotic secondary metabolite production.

Introduction

Microbial derived secondary metabolites have enriched humanity with a broad range of
medically useful compounds and analysis of microbial whole genome-sequences and
biosynthetic gene clusters encoding secondary metabolites have demonstrated that many
more bioactive compounds can potentially be found than hitherto detected (Machado et al.
2015b; Jensen 2016). Therefore, there is a large intetest in finding culture conditions that will
cause the microorganisms to produce compounds so far not (chemically) detected (Rutledge
and Challis 2015; Tomm, Ucciferri and Ross,2019; Hoskisson and Seipke 2020).
Increasingly, an ecology-based bioprospecting strategy is pursued using natural carbon
sources or co-cultivation systems (Bertrand et al. 2014; Giubergia et al. 2017; Arora et al.
2020). It is often assumed that especially secondary metabolites with antibiotic activity serve
as microbial deferise molecules in natural microbial communities (Fischbach 2009), however,
they may, especially at sub-inhibitory concentrations, also act as cues or signals triggering
gene expression and phenotypic changes (Andersson and Hughes 2014). For instance,
exposure to sub-inhibitory concentrations of antibiotics induce biofilm formation in

Escherichia coli and Pseudomonas aeruginosa (Hoffman et al. 2005; Linares et al. 2006) or
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production of secondary metabolites in Streptomyces coelicolor and Burkholderia

thailandensis (Craney et al. 2012; Seyedsayamdost 2014).

Interactions between living microorganisms can mediate production of antibiotic
secondary metabolites (Traxler et al. 2013; Abrudan et al. 2015; Patin et al. 2018; Westhoff
et al. 2020). For example, antibiotic production by Streptomyces soil isolates on solid
medium is altered by the presence of a second co-cultured strain as compared to solitary
growth (Abrudan ez al. 2015). Only a few studies have unraveled the underlying mechanisms
for induction of antibiotic production in co-cultures. For example, iron competition was
identified as induction cue of antibiotic production in a Myxococcus xanthus - Streptomyces
coelicolor co-culture (Lee et al. 2020) and in a fungal-bacterial interaction between
Aspergillus nidulans and Streptomyces hygroscopicus, induction of orsellinie,acid production
by A. nidulans is cell contact dependent (Schroeckh et al. 2009). However, the exact
mechanisms by which bacteria regulate and alter their antibioticiproduction in response to the
presence of other microorganisms is often not known. The hypothesis on so-called
competition sensing addresses this (Cornforth and Foster2013, 2015). This theory suggests
that nutrient limitation and cell damage can ‘act'as cues for bacteria to sense competitors.
Subsequently, this information can befused to‘regulate complex responses such as production
of antibiotics, activation of the typeVI secretion system (Russell, Peterson and Mougous
2014) or formation of biofilm (Lories et al. 2020).

Studies of antibiotic'secondary metabolites have typically focused on soil derived
Streptomyces due.to their importance as source of clinically relevant antibiotics (Bérdy
2012), heweyver, some strains of marine Vibrionaceae are producers of potent antibiotics
(ManssonyGram and Larsen 2011) and harbor several biosynthetic gene clusters (BGCs)
encoding secondary metabolites (Machado et al. 2015b). In Vibrionaceae, antibiotic

mediated antagonism is prevalent among ecologically and genotypically defined populations,
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but individual strains are resistant against attacks from direct ecological neighbors with a
similar genetic background (Cordero et al. 2012). Antibiotic secondary metabolite production
is thus an ecologically important trait for marine Vibrionaceae, which makes them excellent
candidates to study interaction mediated secondary metabolite production.

We have previously shown that the antibacterial secondary metabolite andrimid,
produced by and purified from Vibrio coralliilyticus cultures, causes enhanced expression of
BGCs encoding secondary metabolites both in a silent BGC reporter fusion and in another
marine bacterium, Photobacterium galatheae (Buijs et al. 2020). V. coralliilyticus and P.
galatheae are members of the Vibrionaceae family, inhabit similar ecological niches.and
produce antibacterial secondary metabolites. Andrimid, produced by V. coralliilyticus.S2052,
is an inhibitor of bacterial fatty acid synthesis (Freiberg ez al. 2014) and is‘produced by
multiple Vibrio strains (Wietz et al. 2010; Long et al. 2005). P. galatheae S2753 produces
the antibiotic holomycin, a sulfur containing compound with azincchelating mechanism of
action (Chan et al. 2017). The purpose of the present study 'was'to investigate if stimulation
of holomycin production in P. galatheae by antibacterial andrimid is an ecological relevant
induction mechanism. Towards this, we co-culturedyV. coralliilyticus and P. galatheae and
their antibiotic deficient mutants and studied their secondary metabolite mediated

interactions.

Materials and Methods

Experimental setup. Based on our previous results, we hypothesized that ecologically
relevant.competition and antibiotic production by competing bacteria are cues for production
of secondary metabolites. Environmental co-occurence was inferred by an in silico analysis
ofithe abundance of the two species in publicly available microbiome datasets. Then, we

measured and compared the antibiotic production of andrimid by V. coralliilyticus and
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holomycin by P. galatheae in (i) monocultures (ii) in co-cultures of the two wild-type strains
(V. coralliilyticus WT - P. galatheae WT) and (iii) in co-cultures of the wild-type strain with
an antibiotic deficient mutant competitor (V. coralliilyticus WT - P. galatheae AhlmE and V.
coralliilyticus Aadm - P. galatheae WT). The cultures were sampled (1 mL) at 0, 3, 8 and 24
hours after inoculation for DNA extraction and subsequent qPCR analysis to quantify cell
abundances of both strains. Samples were taken for chemical extraction and quantification of
andrimid and holomycin, as well as analysis of the metabolomes, by high-performance liquid

chromatography and mass spectrometry (HPLC-MS).

Abundance analysis of V. coralliilyticus and P. galatheae of microbiome data. Publicly.
available 16S rRNA gene amplicon-based microbiome data were searched for co-abundance
of V. coralliilyticus and P. galatheae. The following datasets were retrieved from the NCBI
sequence read archive: microbiome of the mussel Mytilus coruscus (Li'et al. 2019a)
(SRP196510), microbiome of the mussel Mytilus galloprovincialis (Li et al. 2019b)
(SRP197453), microbiome of the oyster Crassostrea gigas (King et al. 2019) (SRP139423),
Vibrio-16S TRNA gene enriched sediment samples from.the Chinese marginal seas (Wang et
al. 2019) (SRP159585) and Vibrio-16S rRNA gene enriched samples from and around an
oyster shellfish hatchery (Gradoville €t al. 2018) (SRP118403). Raw paired-end reads were
trimmed and merged using fastp‘(vetsion 0.20.0) default options (Chen et al. 2018b). The
lengths of the merged sequences are summarized in Table 2. Blast databases were built per
microbiome dataset using the¢ merged and trimmed sequences and the 16S rRNA gene
sequences of Vieoralliilytiucs S2052 and P. galatheae S2753 were blasted against these
databases-with'the BLAST+ standalone (version 2.9.0), using standard parameters (Camacho
et al. 2009). Manual inspection of the blast results was done to check if highest identity

matches for both bacteria originated from the same sequencing sample.
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Bacterial strains, media and culture conditions. Vibrio coralliilyticus strain S2052 (from
marine sediment) and Photobacterium galatheae strain S2753 (from green-shell mussel) were
isolated on the Galatheae 3 expedition based on their antibacterial activity against Vibrio
anguillarum (Gram, Melchiorsen and Bruhn 2010; Machado ef al. 2015a). Wild-type and
gene-knock out mutants (see below) were cultured at 25 °C on Marine Agar (MA, Difco
2216) and in Artificial sea water Peptone Yeast extract (APY) broth consisting of: 19.45 g
NacCl, 5.9 g MgCl,.6H,0, 3.24 g Na,SOy4, 1.8 g CaCl,.2H,0, 0.55 g KCl, 3.0 g HEPES, 5.0 g
peptone and 3.0 g yeast extract per liter milliQ H,O, pH = 7.0, as modified from (Lefévre et
al. 2010). Liquid cultures of 20 mL in 100 mL shake flasks were aerated by orbital shaking
(diameter = 20 mm) at 200 rpm. For cloning, Escherichia coli strain GBdir-pir /716 (Wang et
al. 2016) was cultured on LB-agar (Difco, 244520) and in LB-broth (Difc6y,244620). E. coli
strain WM3064 (Chen et al. 2018a) was used for conjugation and cultured’in LB media
supplemented with 300 uM diaminopimelic acid. Chloramphenicoliwas used for selection of
pDM4 containing cells (see below) at concentrations of 10 pg/mL (liquid culture) and 30
ug/mL (solid agar culture) for both E. coli, V. coralliilyticus and P. galatheae strains when

necessary. All strains and genotypes are summarized/in Table 1.

Construction of knockout mutant. In-frame; scarless knockout mutants were constructed
from parent wild type strains V.«coralliilyticus S2052 and P. galatheae S2753 by suicide
plasmid (based on the pDM4 plasmid, using sacB - sucrose counter selection) homologous
recombination. In brief, a scarless in-frame deletion mutant P. galatheae AhlmE was
constructed as deseribed in (Zhang et al., submitted) and (Buijs et al. 2020). V. coralliilyticus
Aadm waseonstructed similarly, except that the suicide plasmid was constructed by direct
cloningtusing the RecET system in E. coli strain DH5o-pir116. Suicide vector transformation
was-achieved by intergenic conjugation between E. coli strain WM3064 (Chen et al. 2018a)

and the target strain at an OD600-based ratio of 3:1 (donor:recipient), with a mating time of 4
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hours at 37 °C. Single crossover mutants with the suicide vector integrated in the
chromosome were selected on APY-Cm30 agar plates. A cell suspension of first crossover
mutants was then plated on % strength APY plates supplemented with 10% (w/v) sucrose for
counter selection, and double crossover mutants were identified by chloramphenicol and

sucrose sensitivity tests.

Sequencing of V. coralliilyticus strains and confirmation of loss of 224 kb replicon. For
the V. coralliilyticus Aadm mutant, no target region could be amplified by PCR, prompting
whole genome sequencing of the mutant strain on an Illumina MiSeq system at the DTU.
Center for Biosustainability (Kgs. Lyngby, Denmark). Sequence reads were aligned to the
genome of V. coralliilyticus S2052 (parent strain) using bowtie2 (Langmead and-Salzberg
2012) v2.3.5, which showed the loss of a 224 kb contiguous region (including,the andrimid
BGC) in the genome of the mutant. The genome of V. coralliilyticus S2052 WT was
sequenced with the minlON from Oxford Nanopore Technologies (Oxford, UK) using the
SQK-RADO004 sequencing kit and protocol version RSE,9046” vl revM_14Aug2019. Long
sequencing reads from nanopore sequencing andshert illimina sequencing reads (Machado
et al. 2015b) were used as input to close the genoeme with Unicycler (Wick ef al. 2017). The

genome sequence is available under GenBank accession numbers CP063051-CP063053.

Growth curves of monocultures:Monocultures of V. coralliilyticus WT, V. coralliilyticus
Aadm, P. galatheae WTFand P. galatheae AhlmE were inoculated from overnight liquid
cultures (~10° CFU/mL)at a starting cell density of approximately 1 x 10° CFU/mL. Growth
curves weredaneasured by colony counts, using MA plates containing a total concentration of
2.5% agar;which reduced swarming of P. galatheae colonies. Maximum specific growth

rates 1 (h™) were calculated using the datapoints at T =2 and T = 6 hours.
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Liquid co-culture experiments. Wild type and deletion mutant strains of P. galatheae and
V. coralliilyticus were inoculated from overnight cultures in precultures at an OD600 of 0.01
(V. coralliilyticus) and 0.02 (P. galatheae) and incubated for 2.5 hours. Exponentially
growing cultures (OD600 between 0.1 and 0.5) were used as inoculum in co-cultures in 20
mL APY media; V. coralliilyticus was always inoculated at an OD600 of 0.001 and P.
galatheae was inoculated at 0.0005 for a 2:1 ratio, 0.00025 for a 4:1 ratio or 0.00017 for a 6:1
ratio. In parallel, monocultures were inoculated at an OD600 of 0.001. Samples of 1 mL were
taken at T = Oh, 3h, 8h and 24h for DNA extraction, and at T=24h a 10 mL culture aliquot
was taken for chemical extraction. All co-culture experiments were done with four bielogical

replicates.

Genomic DNA extraction. Genomic DNA from the mono- and co-cultures ‘was extracted
using the NucleoSpin Tissue kit (740952.250 Machery-Nagel) with the following
modifications. Aliquots of 1000 pL (T = Oh), 100 uL (T = 3h)'and 10 pL (T = 8 and 24h)
were centrifuged for 5 min at 8,000 g, the cell pellet was.resuspended in 180 puL. T1 buffer +
25 pL proteinase K solution and stored at -20 °CAor maximum 3 days before further
processing. After thawing, samples were pré-lysed (according to manufacturer’s protocol) for

2 hours.

Quantitative PCR. Strain abundances’in the co- and monocultures were determined by
quantitative PCR (qPCR) on'a Mx300P (Agilent Technologies) using Luna Universal qPCR
Master Mix (New.England Biolabs) with a reaction volume of 20 pL in Optical Tube 8x Strip
(Agilent Technologies), using 1 pL of extracted gDNA sample as template and a primer
concentration of 0.4 uM. Two sets of primers were used in the qPCR for the specific
quantification of P. galatheae and V. coralliilyticus (Table S1). Primers were designed
against sequences in strain specific biosynthetic gene clusters. qPCR reactions were carried

out with an annealing temperature of 60 °C. Water controls as well as gDNA extracted from
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the monoculture of the different strain (i.e., P. galatheae gDNA with V. coralliilyticus
primers and vice versa) were included as negative controls. Cycle-threshold (Cr) values were
converted to CFU/mL by means of a standard curve. To obtain the standard curve, cell
suspensions of approximately 1* 10® CFU/mL of each strain were 10-fold serial diluted and
quantified for colony forming units. In parallel, 500 uL aliquots of both cell suspensions’
dilution series were mixed and subjected to gDNA extraction and qPCR quantification. The

standard curve was based on biological triplicates.

Metabolome analysis, holomycin and andrimid detection. Chemical extractions,
metabolome analysis and detection of the compounds holomycin and andrimid was
performed as described previously (Buijs ef al. 2020). In short, 10 mL culture aligtiots were
extracted with an equal volume of ethyl acetate, which was evaporated by a flow of nitrogen
gas and re-dissolved in 100 uL. methanol. High-performance liquid chromatography coupled
to diode array detection and quadrupole time-of-flight mass spectrometry (HPLC-DAD-
QTOFMS) analysis was performed on an Agilent Infinity 1290 UHPLC equipped with a
diode array detector and connected to an Agilent6545 QTOF MS, using the method
described in Isbrandt et al 2020 (Isbrandt ez‘a/.'2020), however using an Agilent Poroshell
120 phenyl-hexyl column (2.1 x 100 mm, 1.9 um) and a gradient of only 10 minutes.
Relative quantification of holomycin, andrimid, hydroxyandrimid and chloroandrimid was
based on peak areas of extracted ion chromatograms (EICs) of the following compound
masses (holomycin; [M+H]"= 214.9943, andrimid: [M+H]" = 480.2493, hydroxyandrimid:
[M+H]" = 496.2442, chloroandrimid: [M+H]" = 514.2103) and UV chromatograms extracted
at 380+5:nm.for holomycin, and 30045 nm for andrimid, hydroxyandrimid and

chloroandrimid. All area values were normalized based on cell density.

Holomycin addition to V. coralliilyticus cultures. A V. coralliilyticus S2052 preculture was

inoculated from an overnight culture and grown for 2.5 hours until OD600 = 0.2-0.5. This
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preculture was used to inoculate four new cultures of 20 mL APY supplemented with 5, 3
and 1 pM holomycin and methanol (solvent, control) respectively, at an OD600 of 0.001.
Cultures were incubated at 25 °C, 200 rpm for 24 hours, after which OD600 was measured
and 10 mL culture aliquots were extracted with ethyl acetate for quantification of andrimid
production. Pure holomycin was purchased from Toronto Research Chemicals (Toronto,

Canada).

Holomycin methylation and MIC assay. For conversion of holomycin into dimethyl-
holomycin, holomycin (500 pg) was first dissolved in methanol (MeOH) (500 uL). Excess of
tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (2.5 mg) was added to reduce‘the
disulfide bond, followed by addition of 30 uL. methyl iodide (Mel). The reactionanixture was
stirred for 15 min and dried under a flow of nitrogen to remove solvent and residual Mel.
Excess TCEP was removed by redissolving the reaction mixture in MeOH and subjecting the
samples to strong anion exchange using a Biotage Isolute SAX eolumn, and collecting
dimethyl-holomycin as the non-retained fraction, followed byydrying. Finally, non-retained
impurities (e.g. mono-, di-, and trimethylated TCEP) from the SAX was removed using a
Strata C18 SPE column, obtaining pure dimethyl-holomycin by dissolving the sample in 5%
methanol in water and eluting with thé same solvent, to yield 200 pg pure dimethyl-
holomycin. A minimum inhibitety concentration (MIC) assay was performed to test toxicities
of holomycin and dimethyl-holomycin towards V. coralliilyticus. Holomycin and dimethyl-
holomycin were two-fold diluted in a 96 well plate (Thermo Scientific 262162) starting from
320 uM down t0:0.63 1M, in a volume of 100 L. APY medium. Overnight cultures of V.
coralliilyticus were diluted to an OD600 of 0.02, and 5 uL of this cell suspension was used to
inoculate the well cultures. The 96 well plate was incubated for 24 hours at 25 °C at a plate
shaker (Fisher Scientific, cat. no. 88861023) with orbital shaking at 300 rpm. The lowest

concentration without growth, as observed by visual inspection and measured by a plate
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reader (SpectraMax i3, Molecular Devices), was determined to be the MIC value. Biological

triplicate measurements did yield the same MIC value.

Statistical methods. Statistical analyses were performed in R (version 3.6). For statistical
analysis of cell abundances, CFU/mL values were log-transformed before calculating means
and standard deviations and performing statistical tests. The effect of the co-cultivation strain
on cell abundance over time was tested by a repeated-measures mixed model ANOVA using
the lmer() function from the Ime4 package to set up the model using replicates as random
effects. The Ismeans() function from the emmeans package was then used for post-hoc
pairwise Tukey’s test of the mixed model. Differences in cell-normalized antibiotic
production between the monoculture, co-culture with the WT competitor, and:co-culture with
the antibiotic deficient mutant was tested for statistical significance using one-way ANOVA

followed by post-hoc Tukey’s test.
Results

Vibrio coralliilyticus and P. galatheae coexist in nature. An analysis of five publicly
available 16S-rRNA amplicon sequencing datasetsi(see Materials and Methods) was carried
out to investigate the possible coexisteneeof\V. coralliilyticus and P. galatheae in the marine
environment. The consensus TRNA genes of V. coralliilyticus S2052 and P. galatheae S2753
were used as queries in nucleotide-BLAST searches against each dataset. Amplicon
sequences with high identity (>97%) to both strains were found in three datasets, and in two

cases the highly identical hits co-occur in the same sample (Table 2).

Production of antibiotic secondary metabolites confers an advantage in co-cultures. The
impact ofiantibiotic production on growth performances of the two bacteria was measured.
Maximum growth rates of the WT strains in monocultures were 2.03 h™ and 2.10 h™ for V.

coralliilyticus and P. galatheae respectively (Fig. S1). Despite the similar growth rates of
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both strains, P. galatheae outcompeted V. coralliilyticus in co-cultures with an inoculation
ratio of 1:1. This prompted co-cultivations with decreased inocula of P. galatheae to study
the interactions between the bacteria when co-occurring and the effects of co-culture on their
antibiotic secondary metabolites. The effect of holomycin antibiotic production by P.
galatheae on the growth performance of V. coralliilyticus was tested by comparing co-
cultures of V. coralliilyticus with P. galatheae WT and P. galatheae AhlmE, inoculated at a
ratio of 2:1 (V. coralliilyticus:P.galatheae) (Fig. 1A & 1B). A repeated-measures ANOVA
demonstrated a significant effect of time and co-cultivation strain (P. galatheae WT vs
AhlmE, p <0.0001, type Il Wald F test) as well as a significant interaction between ¢o-
cultivated strain and time (p < 0.0001) on abundance of V. coralliilyticus, suggesting that the
effect of co-cultivation strain was dependent on time. Indeed, abundanceof\V. coralliilyticus
cells was similar at time points Oh and 3h, but was significantly higherin co-culture with
AhlmE compared to the co-culture with P. galatheae WT at t <=8h (3.4-fold, p < 0.0001,
Tukey’s test) and t = 24h (15-fold, p < 0.0001, Tukey’s. test)."Furthermore, V. coralliilyticus
abundance decreased between 8 and 24 hours in both ce-cultures. These data indicate that,
under these conditions, the ability to produce helomycin facilitates P. galatheae killing of V.
coralliilyticus, although there is also holomycin-independent killing.

Analogously, the effect of andrimid production on cell abundances of both bacteria in
co-culture was investigated. To. this end, an andrimid deficient mutant of V. coralliilyticus
was constructed. This mutant’has lost a 234 kb extrachromosomal replicon that contains the
BGC for andrimid production, as determined by whole genome sequencing (Fig. S2). No
other BGCs were'identified to reside on the lost extrachromosomal replicon. Under the
conditions,used in this study (APY liquid medium, 25 °C, 200 rpm shaking), this Aadm
mutant grew with the same growth rate and reached the same maximum cell density as the V.

coralliilyticus WT strain in monocultures (Fig. S1A). Repeated-measures ANOVA of cell
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abundances in co-cultures of P. galatheae WT with V. coralliilyticus WT and Aadm,
inoculated at a ratio of 6:1, demonstrated no significant effects of co-cultivation strain on
growth performance of P. galatheae (p =0.71, type 11 Wald F test). Comparison of V.
coralliilyticus WT and Aadm growth performances in co-culture with P. galatheae
demonstrated that the ability to produce andrimid had, on average across all time points, no
significant effect on cell abundance of V. coralliilyticus (p = 0.16, type Il Wald F test).
However, there was a significant effect for the interaction between time and strain (p = 0.003,
type Il Wald F test), and a post-hoc analysis demonstrated a significantly higher V.
coralliilyticus cell abundance at t = 24h for WT compared to dadm (p = 0.002, Tuke¥’s test),
corresponding to a 22-fold higher cell density (Fig. 1C and 1D). This result suggests that the

ability of V. coralliilyticus to produce andrimid is a benefit under these co-culture conditions.

Antibiotic production by V. coralliilyticus and P. galatheae is increased in co-cultures. V.
coralliilyticus S2052 and P. galatheae S2753 were co-cultured\in)liquid APY medium as we
have demonstrated that pure andrimid from V. coralliilyficus increases holomycin production
in P. galatheae monoculture (Buijs et al. 2020)Growth rate and maximum cell density of the
two strains in co-cultures were very sensitive to inoculation ratios. Inoculation ratios lower
than 4:1 (V. coralliilyticus:P. galathéae, based on OD600) resulted in decreasing cell
densities of V. coralliilyticus towardsythe end of the 24 hour culture period (as measured by
qPCR). In contrast, inoculatien tatios higher than 8:1 led to co-cultures in which P. galatheae
was not able to grow above cell densities of 5 x 10’ CFU/mL. Inoculated at a 4:1 ratio, P.
galatheae produced.2.7-fold more holomycin per cell in co-culture as compared to
monoculture;-although this difference was not statistically significant at an o = 0.05 (Tukeys
test: p =,0.067) (Fig. 2A). Surprisingly, we also observed an increase in andrimid production
by V. coralliilyticus (Fig. 2B); in co-culture with P. galatheae, V. coralliilyticus produced

4.3-fold more andrimid per cell compared to monocultures (Tukeys test: p <0.001). Thus,

1202 UoJBI G UO Jasn Aeiar] N1a Aq £98591.9/1 ¥00EN/08SWaY/EE0 L0 L/10P/S|oIHE-90UBAPE/O8SWSY/WOD"dNO"0|WSPED.//:SARY WO} PEPEOjUMOQ



while the increase in holomycin production by P. galatheae was not statistically significant,
both strains increased their antibiotic secondary metabolite production when co-cultured. In
addition to andrimid, LC-MS/MS analyses revealed two novel andrimid analogues to also be
present in the co-cultures (Fig. S3). The two analogues were tentatively identified as an
oxygenated analogue, hydroxyandrimid ([M+H]+ = 496.2451, C27H33N306, calc. m/z =
496.2442) and a chlorinated analogue, chloroandrimid ([M+H]+ = 514.2109,
C27H32N305Cl, calc. m/z = 514.2103) (Fig. S3). Based on MS/MS experiments, tentative
structures for both analogues could be proposed, since the three andrimid analogues show
highly similar fragmentation patterns. Notably, a key fragment (m/z 193.0972), only,
observed for hydroxy- and chloroandrimid supports the tentatively suggested structures; only
allowing placing the hydroxyl and chlorine groups on the methyl group of‘the five membered

ring (Fig. S4).

Effect of andrimid on holomycin production in co-culture. Holomycin production by P.
galatheae was measured in co-cultures with V. coralliilyticus"WT and the Aadm mutant strain
respectively (Fig. 2A). P. galatheae produced 2.4-fold more holomycin in co-culture with V.
coralliilyticus WT compared to co-culturesvith dadm, but the difference was not statistically
significant (p = 0.091, Tukeys test). To,investigate if holomycin played a role in the increase
in andrimid production by V. coralliilyticus in co-culture, andrimid production was measured
in co-cultures with P. galatheaeyWT and AhlmE. Andrimid production in co-cultures of V.
coralliilyticus with¢(P. galatheae WT and the holomycin deficient mutant Ah/mE were similar
(Fig. 2B). This result'was corroborated by addition of pure holomycin to monocultures of V.
coralliilyticus and subsequent measurement of andrimid concentration; none of the tested
holomyein concentrations (1, 3 and 5 uM) had a stimulatory effect on andrimid production in

monoculture of V. coralliilyticus (Fig. S5).
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V. coralliilyticus detoxifies holomycin by methylation. The LC-MS data of extracts from
monocultures and co-cultures were compared and a compound that was only present in co-
culture extracts was observed (Fig. 3). Using HRMS analysis, the compound was determined
to have the molecular formula CoH,N,0,S,, based on an observed [M+H]" = 214.0414 (calc.
m/z = 214.0413), with the isotopic pattern confirming the presence of the two sulphur atoms.
Furthermore, the compound had similar fragment ions compared to holomycin, when
analyzed by MS/MS. Li et al. reported a peak with the same m/z value and assigned this to a
dimethylated form of holomycin (Li et al. 2012) (calculated m/z = 245.0413). The role of J.
coralliilyticus in the production of this compound was explored by adding pure holomycin‘to
monocultures of V. coralliilyticus. The same peak corresponding to dimethyl-hglomyein was
observed in these culture extracts, demonstrating that V. coralliilyticus methylates holomycin.
To test the (relative) toxicity of dimethyl-holomycin towards V. coralliilyticus, dimethyl-
holomycin was synthesized from holomycin, and the MIC valudes of both holomycin and
dimethyl-holomycin were measured. Holomycin was a potent antibiotic against V.
coralliilyticus with a MIC value of 20 uM (4.3 pg/mly), whereas dimethyl-holomycin did not

show growth inhibition at the concentrationstested (MIC > 320 uM).

Discussion

Co-cultivation of microorganisms is a widely used method to study microbial interactions
(Nai and Meyer 2018) and has also been employed to induce production of secondary
metabolites (Bertrand ef al. 2014; Arora et al. 2020). In this work, we studied the competition
and antibiotic mediated interactions between two marine Vibrionaceae that inhabit similar

fniches, with a focus on their antibiotic secondary metabolite production.
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Co-occurrence of V. coralliilyticus and P. galatheae in the marine environment was
demonstrated by homology searches through publicly available microbiome sequence data.
Homology searches of the 16S rRNA gene of V. coralliilyticus and P. galatheae showed that
especially V. coralliilyticus strains (>99% sequence identity) are abundant in e.g. sediment
and bivalve microbiomes. P. galatheae (or closely related) strains were less abundant than V.
coralliilyticus, although sequences with a 98% identity to the 16S rRNA of P. galatheae were
identified in e.g. sediments. The presence of sequences with high identity to P. galatheae in
sediments (the isolation environment of V. coralliilyticus S2052), and sequences with high
identity to V. coralliilyticus in mussels (the isolation environment of P. galatheae S2753)
further demonstrates the likeliness of co-occurrence of these two species. The co-oceurrénce
analysis was based on the 16S rRNA gene, which is not the preferred phylogenetic marker for
species identification in Vibrionaceae due to low sequence divergence.(Sawabe ef al. 2013;
Machado and Gram 2015) and the data should thus be interpreted carefully. Despite these
shortcomings, 16S rRNA gene sequence databases are still the'most widely available
sequence repositories that can serve the purpose of.our study.

Vibrionaceae often show antagonistie‘activity’(Gram, Melchiorsen and Bruhn 2010;
Long et al. 2005) which seems to be an‘important trait for their ecological population
structure (Cordero et al. 2012). Thus,/co-cultivation of V. coralliilyticus and P. galatheae
represents an interesting model tostudy antibiotic mediated interactions that bear ecological
relevance. It is however noted that co-abundance of two phylogenetically close species is not
proof of ecological interactions per se (Blanchet, Cazelles and Gravel 2020).

Establishing co-cultures of V. coralliilyticus and P. galatheae in which the abundance
of boeth strains was stable was very sensitive to inoculation ratios. P. galatheae outcompeted
V. coralliilyticus when inoculated at OD600 ratios of 2:1 and lower (1:1, 1:2, etc., V.

coralliilyticus:P. galatheae), despite similar maximum growth rates (Fig. S1). Such
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observations in liquid co-cultivations are common but are often, at least partly, the result of
exploitative competition (Hibbing et al. 2010) in which one of the strains grows significantly
faster than the other (Chignell et al. 2018; Khan et al. 2018; Sathe and Kuemmerli 2020), and
that was not the case in this study. Sampling at multiple time points showed decreasing
abundance of V. coralliilyticus cells in the stationary phase, indicating interference
competition. Holomycin production by P. galatheae was a component of the observed late
stage interference competition, albeit not the sole mechanism as the Ah/mFE mutant was also
able to decrease V. coralliilyticus abundance. Likewise, the andrimid deficient mutant
reached a lower cell density in the co-cultivations compared to V. coralliilyticus WT+These
results add to other examples showing the importance of antibiotic secondary ndetabolit€s in
microbial interactions and competition (Moons ef al. 2006; Chandler et al. 2012 Dragos et
al. 2020).

Beyond the impact of antibiotic secondary metabolitesion gtowth dynamics and
competition, we focused on interaction mediated induction of secondary metabolite
production. First, it was observed that both bacteria inereased their antibiotic production in
co-cultures compared to monocultures. These findings support the idea that competitive
interactions play an important role in the production of antibiotics (Traxler et al. 2013;
Abrudan et al. 2015; Netzker et aln2018). In V. coralliilyticus and P. galatheae, expression
of BGCs and production ofrantibiotics is also influenced by carbon source as growth on chitin
increased production of andrimid in V. coralliilyticus and holomycin in P. galatheae
(Giubergia et al. 2017%)..Chitin is an important source of carbon and nitrogen in the marine
environment (Goeday 1990) and since both chitin and the antibiotic production of a fellow
Vibrionaceae enhances antibiotic production, bacterial competition for access to chitin could
be an-important ecological cue for antibiotic secondary metabolite production in these

Vibrionaceae.
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We recently demonstrated that andrimid, purified from V. coralliilyticus cultures and
added in sub inhibitory concentrations, induced transcriptional activity of biosynthetic gene
clusters and production of holomycin in P. galatheae (Buijs et al. 2020). It was therefore
expected that andrimid would play an important role in the increase of holomycin production
by P. galatheae in the co-culture experiment. Compared to the system with both wild type
antibiotic producers, we measured a decrease in holomycin production by P. galatheae in co-
culture with V. coralliilyticus Aadm. However, because the observed difference was not
statistically significant, we cannot conclude that andrimid production by V. coralliilyticus is
the key driver for increase in holomycin production by P. galatheae in our co-culture-system:
Possibly, andrimid is a component of the co-culture dependent induction of holomy¢in
production, next to additional unknown factors. Our measurements are not'sufficiently
sensitive to test this hypothesis. Co-cultivation of V. coralliilyticus WT and the P. galatheae
AhlmE showed that holomycin was not important for andrimidinduction in co-culture.

How do V. coralliilyticus and P. galatheae sense each other and respond with an
increase of antibiotic production? The competition.sensing hypothesis predicts that nutrient
limitation and cell damage are important cues'(Cornforth and Foster 2013). Presumably,
nutrient limitation will occur equally in“moenovand co-cultivations and holomycin induced cell
damage of V. coralliilyticus did nét increase production of andrimid. Although speculative,
interference competition by alternative mechanisms such as type VI secretion mediated attack
(Guillemette et al. 2020) may/have been a relevant cue to sense competition. In contrast, the
antibiotic hygromycin A’ of Streptomyces hygroscopius induced violacein production by
Chromobacterium violaceum in a co-culture (Lozano et al. 2020). Other examples of
induetion of'secondary metabolism in co-cultivations demonstrate specific roles for iron

competition and cell-cell contact (Schroeckh ez al. 2009; Lee et al. 2020). Taken together,
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microbial interaction dependent induction of secondary metabolism is regulated by a variety
of cues and mechanisms.

Besides the co-culture interactions leading to the increased production of antibiotic
secondary metabolites, we also observed dimethyl-holomycin in co-cultivations and found
that V. coralliilyticus was responsible for production of dimethyl-holomycin. S. clavuligerus,
a native producer of holomycin, produces dimethyl-holomycin when lacking the i/m/ gene,
which is responsible for oxidizing the toxic intermediate dihydroholomycin into the closed
bicyclic disulfide form (Li and Walsh 2011; Li ez al. 2012). Li et al. also determined that
dimethylated holomycin is less toxic to S. clavuligerus strains (Li et al. 2012). Likewisejour
experiments show that V. coralliilyticus is not sensitive to dimethyl-holomycins/but is
inhibited by holomycin. We speculate that V. coralliilyticus methylates holemycin as a
detoxification strategy to protect itself from holomycin produced by P. galatheae. It should
be noted that S-methylation also occurs in the production of the secondary metabolite
tropodithietic acid by Phaeobacter inhibens, and that the addition of the methyl group makes
the compound less toxic (Phippen et al. 2019). Detoxification of antagonistic secondary
metabolites has been reported before (Volklet,al. 2004; Thierbach ef al. 2017; Venkatesh and
Keller 2019), but documented cases with production and detoxification in one (co-culture)
system are scarce. One example is'the-conversion of phenazine, produced by P. aeruginosa,
by the fungus Aspergillus fumigatus during a solid co-culture setup (Moree et al. 2012).
However, besides detoxification by sulfonation, conversion of phenazine by A. fumigatus also
produced compounds,with a higher toxicity. To the best of our knowledge, this is the first
example of an antibiotic production-detoxification interaction between two Vibrionaceae.

Oyerall, our results demonstrate the importance of antibiotic as mediators of

competition between V. coralliilyticus and P. galatheae. Furthermore, the competitive
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interaction in co-culture resulted in increased antibiotic production by both marine
Vibrionaceae.

Acknowledgements

This work was supported by the Independent Research Fund Denmark [grant DFF-7017-
00003 to YB and TI]; the EU Horizon 2020 research and innovation program [Marie
Sklodowska-Curie grant no. 713683 to SDZ] and the Danish National Research Foundation
for the Center for Microbial Secondary Metabolites [DNRF137 to LG and TOL]. We thank

Associate Professor Mikael Lenz-Strube for his help with the repeated-measures ANOVA.

References

Abrudan MI, Smakman F, Grimbergen AJ et al. Socially mediated induction and suppression

of antibiosis during bacterial coexistence. Proc Natl Acad Sci\201:5;112:11054-9.

Andersson DI, Hughes D. Microbiological effects of sublethallevels of antibiotics. Nat Rev

Microbiol 2014;12:465-78.

Arora D, Gupta P, Jaglan S et al. Expanding the,chemical diversity through microorganisms

co-culture: Current status and outlook. \Biotechnol Adv 2020;40:107521.

Bérdy J. Thoughts and facts about.antibiotics: Where we are now and where we are heading.

J Antibiot (Tokyo) 2012;65:385-95.

Bertrand S, Bohni N; Schnee S et al. Metabolite induction via microorganism co-culture: A
potential way to enhance chemical diversity for drug discovery. Biotechnol Adv

2014;32:1180-204.

Blanchet FG, Cazelles K, Gravel D. Co-occurrence is not evidence of ecological interactions.

Ecol Lett 2020;23:1050-63.

1202 UoJBI G UO Jasn Aeiar] N1a Aq £98591.9/1 ¥00EN/08SWaY/EE0 L0 L/10P/S|oIHE-90UBAPE/O8SWSY/WOD"dNO"0|WSPED.//:SARY WO} PEPEOjUMOQ



Buijs Y, Isbrandt T, Zhang S-D et al. The antibiotic andrimid produced by Vibrio
coralliilyticus increases expression of biosynthetic gene clusters and antibiotic

production in Photobacterium galatheae. Front Microbiol 2020;11:622055.

Camacho C, Coulouris G, Avagyan V et al. BLAST+: Architecture and applications. BMC

Bioinformatics 2009;10:421.

Chan AN, Shiver AL, Wever W1 et al. Role for dithiolopyrrolones in disrupting bacterial

metal homeostasis. Proc Natl Acad Sci 2017;114:2717-22.

Chandler JR, Heilmann S, Mittler JE ef al. Acyl-homoserine lactone-dependent
eavesdropping promotes competition in a laboratory co-culture model. ISMFE J.

2012;6:2219-28.

Chen H, Zhang S Da, Chen L et al. Efficient genome editing of Magnetospirillum
magneticum AMB-1 by CRISPR-Cas9 system for analyzing magnetotactic behavior.

Front Microbiol 2018a;9:1569.

Chen S, Zhou Y, Chen Y et al. Fastp: An ultra-fast all-in-one FASTQ preprocessor.

Bioinformatics 2018b;34:1884-90.

Chignell JF, Park S, Lacerda CMR/et alsLabel-free proteomics of a defined, dinary co-
culture reveals diversity.of competitive responses between members of a model soil

microbial system. Microbh Ecol 2018;75:701-19.

Cordero OX, Wildschutte H, Kirkup B ez al. Ecological populations of bacteria act as socially

cohesive.units of antibiotic production and resistance. Science (80-) 2012;337:1228-31.

Cotnforth)PM, Foster KR. Competition sensing: The social side of bacterial stress responses.

Nat Rev Microbiol 2013;11:285-93.

Cornforth DM, Foster KR. Antibiotics and the art of bacterial war. Proc Natl Acad Sci

1202 UoJBI G UO Jasn Aeiar] N1a Aq £98591.9/1 ¥00EN/08SWaY/EE0 L0 L/10P/S|oIHE-90UBAPE/O8SWSY/WOD"dNO"0|WSPED.//:SARY WO} PEPEOjUMOQ



2015;112:10827-8.

Craney A, Ozimok C, Pimentel-Elardo SM et al. Chemical perturbation of secondary
metabolism demonstrates important links to primary metabolism. Chem Biol

2012;19:1020-7.

Dragos A, Andersen AJC, Lozano-Andrade CN et al. Phages weaponize their bacteria with

biosynthetic gene clusters. bioRxiv 2020, DOI: 10.1101/2020.10.01.322628.

Fischbach MA. Antibiotics from microbes: converging to kill. Curr Opin Microbiol

2009;12:520-7.

Freiberg C, Pohlmann J, Nell PG et al. Novel bacterial acetyl coenzyme A carboxylase

inhibitors with antibiotic efficacy in vivo. Antimicrob Agents Chemother 2006;50:2707—

12.

Giubergia S, Phippen C, Nielsen KF et al. Growth on chitin impacts the transcriptome and
metabolite profiles of antibiotic-producing Vibrio coralliilyticus S2052 and

Photobacterium galatheae S2753. mSystems.2017;2:¢00141-16.

Gooday GW. The ecology of chitin degradation. In: Marshall KC (ed.). Advances in

Microbial Ecology. Plenum Press, 1990, 387—430.

Gradoville MR, Crump BC;"Hase"CC et al. Environmental controls of oyster-pathogenic
Vibrio spp. in Oregon, estuaries and a shellfish hatchery. App! Environ Microbiol

2018;84:€02156-17.

Gram L,Melchiorsen J, Bruhn JB. Antibacterial activity of marine culturable bacteria
collected from a global sampling of ocean surface waters and surface swabs of marine

organisms. Mar Biotechnol 2010;12:439-51.

Guillemette R, Ushijima B, Jalan M ef al. Insight into the resilience and susceptibility of

1202 UoJBI G UO Jasn Aeiar] N1a Aq £98591.9/1 ¥00EN/08SWaY/EE0 L0 L/10P/S|oIHE-90UBAPE/O8SWSY/WOD"dNO"0|WSPED.//:SARY WO} PEPEOjUMOQ



marine bacteria to T6SS attack by Vibrio cholerae and Vibrio coralliilyticus. PLoS One

2020;15: e0227864.

Hibbing ME, Fuqua C, Parsek MR ef al. Bacterial competition: Surviving and thriving in the

microbial jungle. Nat Rev Microbiol 2010;8:15-25.

Hoffman LR, D’Argenio DA, MacCoss MJ ef al. Aminoglycoside antibiotics induce bacterial

biofilm formation. Nature 2005;436:1171-5.

Hoskisson PA, Seipke RF. Cryptic or silent? The known unknowns, unknown knowns, and

unknown unknowns of secondary metabolism. MBio 2020;11:e02642-20.

Isbrandt T, Tolborg G, @dum A et al. Atrorosins: a new subgroup of Monascus pigments

from Talaromyces atroroseus. Appl Microbiol Biotechnol 2020;104;615-22.

Jensen PR. Natural products and the gene cluster revolution. Trends . Microbiol 2016;24:968—

77.

Khan N, Maezato Y, McClure RS et al. Phenotypic.aesponses to interspecies competition and

commensalism in a naturally-derived mictobial co-culture. Sci Rep 2018;8:1-9.

King WL, Jenkins C, Go J et al. Characterisation of the Pacific oyster microbiome during a

summer mortality event. Microb Ecol 2019;77:502—12.

Langmead B, Salzberg SL Fast gapped-read alignment with Bowtie 2. Nat Methods

2012;9:357-60.

Lee N, Kim W, Chung J et al. Iron competition triggers antibiotic biosynthesis in
Streptomyces coelicolor during coculture with Myxococcus xanthus. ISME J

2020;14:1111-24.

LEefévre CT, Santini CL, Bernadac A et al. Calcium ion-mediated assembly and function of

1202 UoJBI G UO Jasn Aeiar] N1a Aq £98591.9/1 ¥00EN/08SWaY/EE0 L0 L/10P/S|oIHE-90UBAPE/O8SWSY/WOD"dNO"0|WSPED.//:SARY WO} PEPEOjUMOQ



glycosylated flagellar sheath of marine magnetotactic bacterium. Mol Microbiol

2010;78:1304-12.

Li B, Forseth RR, Bowers AA et al. A backup plan for self-protection: S-methylation of
holomycin biosynthetic intermediates in Streptomyces clavuligerus. ChemBioChem

2012;13:2521-6.

Li B, Walsh CT. Streptomyces clavuligerus Hlml is an intramolecular disulfide-forming

dithiol oxidase in holomycin biosynthesis. Biochemistry 2011;50:4615-22.

Li YF, Chen YW, Xu JK et al. Temperature elevation and Vibrio cyclitrophicus infection
reduce the diversity of haemolymph microbiome of the mussel Mytilus coruiscus. Sei

Rep 2019a;9:16391.

Li YF, Xu JK, Chen YW et al. Characterization of gut microbiome in the mussel Mytilus

galloprovincialis in response to thermal stress. Front Physiol 2019b;10:1086.

Linares JF, Gustafsson I, Baquero F et al. Antibiotics-as‘intermicrobiol signaling agents

instead of weapons. Proc Natl Acad Sci U 8.4,20063;103:19484-9.

Long RA, Rowley DC, Zamora E, et al. Antagonistic interactions among marine bacteria
impede the proliferation of Vibrio c¢holerae. Appl Environ Microbiol 2005;71:8531—

8536.

Lories B, Roberfroid S, Digltjens L et al. Biofilm bacteria use stress responses to detect and

respond to competitors. Curr Biol 2020;30:1231-1244.e4.

Lozano @Gl;Guan C, Cao Y et al. A chemical counterpunch: Chromobacterium violaceum
ATCE€ 31532 produces violacein in response to translation-inhibiting antibiotics. MBio

2020;11:1-14.

Machado H, Giubergia S, Mateiu RV et al. Photobacterium galatheae sp. nov, a bioactive

1202 UoJBI G UO Jasn Aeiar] N1a Aq £98591.9/1 ¥00EN/08SWaY/EE0 L0 L/10P/S|oIHE-90UBAPE/O8SWSY/WOD"dNO"0|WSPED.//:SARY WO} PEPEOjUMOQ



bacterium isolated from a mussel in the Solomon Sea. Int J Syst Evol Microbiol

2015a;65:4503-7.

Machado H, Gram L. The fur gene as a new phylogenetic marker for Vibrionaceae species

identification. Appl Environ Microbiol 2015;81:2745-52.

Machado H, Sonnenschein EC, Melchiorsen J ef al. Genome mining reveals unlocked

bioactive potential of marine Gram-negative bacteria. BMC Genomics 2015b;16:158.

Mansson M, Gram L, Larsen TO. Production of bioactive secondary metabolites by marine

Vibrionaceae. Mar Drugs 2011;9:1440-68.

Moons P, Van Houdt R, Aertsen A et al. Role of quorum sensing and antimicrobial
component production by Serratia plymuthica in formation of biofilms;, including mixed

biofilms with Escherichia coli. Appl Environ Microbiol 2006;72:7294-300.

Moree WJ, Phelan V V., Wu CH et al. Interkingdom metaboli¢, transformations captured by

microbial imaging mass spectrometry. Proc Natl-Aecad S¢i U S 4 2012;109:13811-6.

Nai C, Meyer V. From axenic to mixed cultures: technological advances accelerating a

paradigm shift in microbiology. Trends\Microbiol 2018;26:538-54.

Netzker T, Flak M, Krespach MKet.al..Microbial interactions trigger the production of

antibiotics. Curr Opin:Microbiol 2018;45:117-23.

Patin N V., Floros DJ, Hughes CC et al. The role of inter-species interactions in Salinispora

specialized'metabolism. Microbiology 2018;164:946-55.

Phippen CBW, Jorgensen CM, Bentzon-Tilia M et al. Isolation of methyl mroposulfenin

from’ Phaeobacter inhibens. J Nat Prod 2019;82:1387-90.

Russell AB, Peterson SB, Mougous JD. Type VI secretion system effectors: Poisons with a

1202 UoJBI G UO Jasn Aeiar] N1a Aq £98591.9/1 ¥00EN/08SWaY/EE0 L0 L/10P/S|oIHE-90UBAPE/O8SWSY/WOD"dNO"0|WSPED.//:SARY WO} PEPEOjUMOQ



purpose. Nat Rev Microbiol 2014;12:137-48.

Rutledge PJ, Challis GL. Discovery of microbial natural products by activation of silent

biosynthetic gene clusters. Nat Rev Microbiol 2015;13:509-23.

Sathe S, Kuemmerli R. Antagonistic interactions subdue inter-species green-beard

cooperation in bacteria. J Ecol Biol. 2020;33:1245-55.

Sawabe T, Ogura Y, Matsumura Y et al. Updating the Vibrio clades defined by multilocus
sequence phylogeny: Proposal of eight new clades, and the description of Vibrio

tritonius sp. nov. Front Microbiol 2013;4:414.

Schroeckh V, Scherlach K, Niitzmann HW ef al. Intimate bacterial-fungal interaction triggers
biosynthesis of archetypal polyketides in Aspergillus nidulans. Proe Natl Acad Sci U S A

2009;106:14558—-63.

Seyedsayamdost MR. High-throughput platform for the discovery of elicitors of silent

bacterial gene clusters. Proc Natl Acad Sci 2014A11:7266—71.

Thierbach S, Birmes FS, Letzel MC et al. Chemical modification and detoxification of the
Pseudomonas aeruginosa toxin 2-heptyl-4-hydroxyquinoline N-oxide by environmental

and pathogenic bacteria. ACSChem,Biol 2017;12:2305-12.

Tomm HA, Ucciferri L, RosssAC"Advances in microbial culturing conditions to activate
silent biosynthetic gene clusters for novel metabolite production. J Ind Microbiol

Biotechnol 2019:58-60.

Traxler ME;-Watrous JD, Alexandrov T et al. Interspecies interactions stimulate
diversification of the Streptomyces coelicolor secreted metabolome. MBio

2013;4:¢00459-13.

Venkatesh N, Keller NP. Mycotoxins in conversation with bacteria and fungi. Front

1202 UoJBI G UO Jasn Aeiar] N1a Aq £98591.9/1 ¥00EN/08SWaY/EE0 L0 L/10P/S|oIHE-90UBAPE/O8SWSY/WOD"dNO"0|WSPED.//:SARY WO} PEPEOjUMOQ



Microbiol 2019;10:403.

VoIkl A, Vogler B, Schollenberger M et al. Microbial detoxification of mycotoxin

deoxynivalenol. J Basic Microbiol 2004;44:147-56.

Wang H, Li Z, Jia R et al. RecET direct cloning and Redaf recombineering of biosynthetic
gene clusters, large operons or single genes for heterologous expression. Nat Protoc

2016;11:1175-90.

Wang X, Liu J, Li B et al. Spatial heterogeneity of Vibrio spp. in sediments of Chinese

marginal seas. App! Enivironmental Microbiol 2019;85:¢03064-18.

Westhoff S, Kloosterman A, Hoesel SFA van et al. Competition sensing alters antibiotic

production in Streptomyces. bioRxiv 2020, DOI: 10.1101/2020.01.24.918557.

Wick RR, Judd LM, Gorrie CL et al. Unicycler : Resolving bacterial geneme assemblies

from short and long sequencing reads. PLoS Comput Biol\2017;13:¢1005595.

Wietz M, Mansson M, Gotfredsen CH et al. Antibacterial compounds from marine

Vibrionaceae isolated on a global expedition:Mar Drugs 2010;8:2946—60.

Zhang S, Isbrandt T, Lindqvist LL et g/ Biosynthesis of holomycin is required for biofilm
formation of its native producer/Photobacterium galatheae S2753. Manuscript

submitted.

1202 UoJBI G UO Jasn Aeiar] N1a Aq £98591.9/1 ¥00EN/08SWaY/EE0 L0 L/10P/S|oIHE-90UBAPE/O8SWSY/WOD"dNO"0|WSPED.//:SARY WO} PEPEOjUMOQ



1e+09{ A 1e+09
_ 1e+07 _, 1e+07
E E
5 =)
[TH ['8
o o

1e+05 @ P, galatheae 1e+05 @ AhimE

@ V. coralliilyticus @ V. coralliilyticus
0 5 10 15 20 25 0 5 10 15 20 25
Time (hour) Time (hour)
1e+09 C 1e+09
00}

_, 1e+07 _, 1e+07
E E
) )
[’ [’
o o

1e+05 @ P. galatheae 1e+05 @ P. galatheae

@ V. coralliilyticus @ Aadm
0 5 10 15 20 25 0 5 10 15 20 25
Time (hour) Time (hour)

Figure 1. Growth of V. coralliilyticus and P. galatheae during co-cultivation inoculated at an
0OD600 ratio of 2:1 (A), V. coralliilyticus and P. galatheae AhlmE inoculated at a ratio of 2:1
(B), V. coralliilyticus and P. galatheae inoculated at a ratio of 6:1 (C) and V. coralliilyticus
Aadm and P. galatheae inoculated\at a'ratio of 6:1 (D). Data points are means of four

biological replicates and errorbars represent the standard deviations.
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Figure 2. Holomycin production by P. galatheae (A) and andrimid production by V.
coralliilyticus (B) are increased in co-cultures. Data displayed in A are from co-cultures
inoculated at an OD600 ratio of 4:1 (Vc:Pg), co-cultures corresponding to data‘in B'were
inoculated at a ratio of 6:1. Vc = V. coralliilyticus WT, Pg = P. galatheae WT. Data are from

four biological replicates.
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Figure 3. V. coralliilyticus dimethylates holomycin from P. galatheae. Representative
overlaid MS chromatograms of the dimethyl-holomycin ion of culture extracts from co-
culture (red trace), V. coralliilyticus monoculture (blue trace) and P.-galatheae monoculture

(green trace). Overlaid traces are shifted vertically for improved visualization.
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Strain Description

Source

P. galatheae S2753 Wild type, isolated from a mussel.

V. coralliilyticus S2052  Wild type, isolated from marine sediment.
P. galatheae AhlmE Holomycin deficient mutant of P. galatheae S2753. AhlmkE.
V. coralliilyticus Aadm Andrimid negative mutant of V. coralliilyticus S2052. Loss of 224 kb

extrachromosomal replicon.

E. coli GBdir-pirl 16 DHI10B, fhuA::1S2, AybcC, ArecET,
pirll6
E. coli WM3064 thrB1004 pro thi rpsL hsdS lacZAM15 RP4-1360 A(araBAD)567

AdapAl1341::[erm pir]

(Gram, Melchiorsen and Bruhn 2010;
Machado et al. 2015)

(Gram, Melchiorsen and Bruhn 2010)

Zhang et al.

This study

(Wang et al. 2016)

Strain constructed by

William Metcalf at UIUC

Table 1. List of strains used in this study.
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Table 2. Abundance and similarity percentages of 16S-rRNA sequences of V. coralliilyticus S2052 and P. galatheae S2753 in publicly available

microbiome databases.

Microbiome dataset Highest identity match % (n') Same Ref SRA accession Amplicon
P. galatheae V. coralliilyticus  sample(s)? lengths

Mussel Mytilus coruscus 96% (2) 99% (3) Yes (Li et al 2019a) SRP196510 460 - 470 bp
Mussel Mytilus .

96% (1) 99% (3) Yes (Li et al. 2019b) SRP197453 460 - 470 bp
galloprovincialis

(Gradoville et al.

Shellfish hatchery 98% (>499) 100% (>499) Yes 2018) SRP118403 490 - 491 bp
Sediments Chinese marginal

98% (2) 99% (>499) Yes (Wang et al. 2019) SRP159585 545 - 550 bp
seas
Oyster Crassostrea gigas 97% (18) 100% (13) No (King et al. 2019) SRP139423 500 - 501 bp

' n = number of reads with this identity percentage
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