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Significance and Impact of the Study: Purple non-sulphur bacteria (PNSB) are attractive for applied
microbiology and biotechnology because of their ability to grow selectively on organic carbon in photo-
bioreactors. This capability has been attributed to traditional selection phenomena such as low oxygen
levels, availability of organic acids and infrared light. In this study, a unique combination of genome
mining tools and microbiological methods was used to explore whether antimicrobials contribute to
selective growth. Our findings provide first insights into the antimicrobial biosynthesis potential of
PNSB and provide ground for more advanced research on antimicrobial production by PNSB.
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Abstract

Purple non-sulphur bacteria (PNSB) are an emerging group of microbes
attractive for applied microbiology applications such as wastewater treatment,
polyhydroxyalkanoates and H,
production. These photoorganoheterotrophic microbes have the unique ability
to grow selectively on organic carbon in anaerobic photobioreactors. This so-
called selectivity implies that the microbial community will have a low
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Introduction

diversity and a high abundance of a particular PNSB species. Recently, it has
been shown that certain PNSB strains can produce antimicrobials, yet it
remains unclear whether these contribute to competitive inhibition. This
research aimed to understand which type of antimicrobial PNSB produce and
identify whether these compounds contribute to their selective growth. Mining
166 publicly-available PNSB genomes using the computational tool BAGEL
showed that 59% contained antimicrobial encoding regions, more specifically
biosynthetic clusters of bacteriocins and non-ribosomal peptide synthetases.
Inter- and intra-species inhibition was observed in agar spot assays for
Rhodobacter blasticus EBR2 and Rhodopseudomonas palustris EBE1 with
inhibition zones of, respectively, 5.1 and 1.5-5.7 mm. Peptidomic analysis
detected a peptide fragment in the supernatant (SVLQLLR) that had a 100%
percentage identity match with a known non-ribosomal peptide synthetase
with antimicrobial activity.

importantly, these microorganisms harbour great meta-
bolic versatility, allowing them to grow photo- and

Purple phototrophic bacteria and particularly purple non-
sulphur bacteria (PNSB) are intensively studied for
microbial protein, microbial fertilizer, polyhydroxyalka-
noates and H, production (Bayon-Vicente et al. 2020;
Capson-Tojo et al. 2020; Wambacq et al. 2022). Most

chemotrophically on both organic and inorganic carbon
(Imhoff 2006; Alloul et al. 2021, 2022). For biotechnology
applications, they are typically cultivated pho-
toorganoheterotrophically in anaerobic photobioreactors,
where they use light as an energy and organics as an
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electron and carbon source (Capson-Tojo et al. 2020).
These conditions allow obtaining microbial biomass with
a high abundance of one dominant PNSB species and an
uneven community (i.e. high microbial selectivity; Alloul
et al. 2021). Purple sulphur bacteria, another kind of pur-
ple phototrophic bacteria, do not offer a similar selectivity
advantage on organic-rich streams as PNSB do because
they are only capable of limited photoorganoheterotrophy
(Hunter et al. 2008). These purple sulphur bacteria are
specialized in photoautotrophic growth by using sulphide,
sulphur and H, as an electron donor and CO, as a car-
bon source. The potential of PNSB for selective growth is
of added value for the valorization of residual organics
and the production of microbial proteins with stable
nutritional characteristics in the produced microbial bio-
mass (Alloul et al. 2021).

Thus far, selective growth of PNSB under anaerobic pho-
toorganoheterotrophic conditions has been attributed to a
kinetic advantage (Alloul et al. 2019; Yu et al. 2021). Their
maximal specific photoorganoheterotrophic growth rates
in an anaerobic environment range between 0.96—
7.10 day~' (Noparatnaraporn et al. 1987; Ponsano
et al. 2008), therefore, potentially surpassing acidogenic
fermentative microorganisms (0.3—4.0 day '; Batstone
et al. 2002). The selective growth of PNSB has been con-
firmed in several reactor systems operated on various types
of organic-rich effluents, but primarily on pre-fermented
feedstocks like volatile fatty acids (Cerruti et al. 2021). In
previous research, we have been able to select for PNSB
with a relative abundance up to 78% and a Shannon diver-
sity index of 0.9 in a raceway reactor (Alloul et al. 2021).
Similar results were found in an anaerobic membrane
bioreactor treating domestic wastewater, reaching abun-
dancies up to 90% (Hiilsen et al. 2016).

Microbes are known to produce a plethora of antimi-
crobial compounds to enhance their competitiveness in
engineered and natural environments. These antimicrobial
compounds either inhibit the biosynthesis of the bacterial
cell wall, protein synthesis or nucleic acid metabolism or
disrupt the cellular membrane as membrane-active com-
pounds (Maréti et al. 2011). Interestingly, antimicrobial
production has also been detected in several PNSB strains
such as Rhodobacter sphaeroides SS15, Afifella marina
STW181, Rhodobacter capsulatus and Rhodopseudomonas
palustris LMG 18881 (Chumpol et al. 2019; Alloul
et al. 2021). In these research papers, PNSB were mainly
explored in an aquaculture context for probiotic applica-
tions due to their ability to inhibit shrimp Vibrio patho-
gens. Research on the actual active compound secreted by
PNSB is, however, limited. Only one study has reported
the ability of Rb. capsulatus ATCC 17016 to produce bac-
teriocins (Lee et al. 2009). It remains, nonetheless, unclear
which specific antimicrobials are produced by PNSB, how
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widespread this biosynthetic trait is and whether this can
enhance their competitiveness in engineered and natural
microbial communities.

This paper aims to explore which type of antimicrobial
compounds are produced by PNSB to induce microbial
inhibition, how widespread this genetic ability is, and
whether such compounds might contribute to their selec-
tive growth. To achieve these goals, PNSB genomes were
mined to determine their genomic potential for antimi-
crobial biosynthesis and agar spot assays were conducted.
Competition experiments were finally performed in liquid
co-cultures to explore the potential contribution of
antimicrobials on microbial selectivity.

Results and discussion

Mining of PNSB genomes uncovers potential for
antimicrobial peptides production

The 166 publicly-available PNSB genomes were mined to
uncover their potential to produce secondary metabolites
(including antimicrobials) using antiSMASH and BAGEL.
A high frequency was observed through antiSMASH for
three classes of antimicrobial compounds or enzymes,
namely bacteriocins, non-ribosomal peptide synthetases
and type 1 polyketide synthases (Figure 1). As expected, a
high frequency of terpenes (94%), a carotenoid precursor
required for phototrophic growth and homoserine lactone
clusters, signalling molecules used in quorum sensing,
were detected (Schuster ef al. 2013). Bacteriocins, a group
of ribosomally synthesized peptides and proteins with
antimicrobial properties (Gdlvez et al. 2007), were
detected in 44% of the PNSB genomes. Compared to
conventional antibiotics, bacteriocins often target bacteria
closely related to the producing microorganism (Shel-
burne et al. 2007). All bacteriocins are bactericidal but
the mechanism of action differs, with inhibition of cell
wall synthesis or pore formation in the cellular membrane
being the most common (Cotter et al. 2005). Next to
bacteriocins, non-ribosomal peptide synthetases were also
detected in 36% of the PNSB genomes. These compounds
are enzymes that construct a wide range of naturally
active compounds, like antibiotics and immunosuppres-
sive agents (Challis ef al. 2000).

Once the genomic potential for secondary metabolite
production was uncovered through antiSMASH, the
PNSB genomes were explored in detail using BAGEL
(Figure 2). This bioinformatics tool mines the genome
for ribosomally synthesized and post-translationally modi-
fied peptides (RiPPs). According to the algorithm of
BAGEL, the highest frequency of RiPPs in PNSB are sac-
tipeptides, also known as sactibiotics due to the antimi-
crobial nature of these compounds (Himes et al. 2016),
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Figure 1 Areas of interest for secondary metabolites with an occurrence over 20% mined in purple non-sulphur bacteria genomes through anti-
SMASH. The dominant antimicrobial encoding regions were related to bacteriocins, non-ribosomal peptide synthetases and type 1 polyketide syn-
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Figure 2 Analysis of 166 publically-available purple non-sulphur bacteria genomes using the BActeriocin GEne mining tooL (BAGEL) showing ribo-
somally synthesized and post-translationally modified peptides (RiPPs) identified based on biochemical structures and bacteriocins identified

through a core peptide hit.

followed by microcins, a collective term for antimicrobial
peptides smaller than 10 kDa and lasso peptides, charac-
terized by their knot-like structure (Hegemann
et al. 2013). In vivo research determining the antimicro-
bials produced by PNSB is limited. Chumpol et al. (2019)
have done a preliminary attempt to unravel the structure
of the antimicrobials produced by Rb. sphaeroides. Chum-
pol et al. (2019) have suggested that the compound is a
cationic molecule containing NH, groups. Lee
et al. (2009) have also studied the PNSB strain Rb. capsu-
latus ATCC 17016 for bacteriocin production and found
that the molecular weight was 14 kDa.

Overall, 59% of the publicly-available PNSB genomes
contained antimicrobial encoding regions. On the genus
level, differences in the presence of antimicrobial-related
gene clusters were detected (Table 1). In particular,
strains belonging to the genus Rhodoferax showed the
highest number of areas of interest (82%). This variation
in antimicrobial gene clusters can partially be attributed
to the high prevalence of known bacteriocin zoocin A in
66% of Rhodoferax genomes. This indicates that there is a
strong conserved relation between the Rhodoferax genus
and the number of antimicrobial gene clusters (i.e. 1.97
antimicrobial gene clusters per genome; Table 1). The
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Table 1 Percentage of strains within one genus having gene clusters
with potential antimicrobial activity identified by the bioinformatics
tool BActeriocin GEne mining tooL (BAGEL; column 1). Number of
gene clusters with potential conserved antimicrobial activity per gen-
ome sorted per genus (column 2). Only genera with a large enough
sample size (n > 14) were used, namely Rhodoferax (n = 39),
Rhodopseudomonas (n = 24), Rhodobacter (n = 49) and Rhodovulum
(n=14)

Genomes containing Gene clusters per

Genus gene clusters (%) genome (—)
Rhodoferax 82 1.97
Rhodopseudomonas 58 0.88
Rhodobacter 47 0.55
Rhodovulum 29 0.43

analysed sample sizes were not large enough to draw con-
clusions on species or strain level, yet variation was
shown.

Agar spot assays show inter- and intra-species microbial
inhibition by PNSB

Once the genotypical potential was established, experi-
mental verification of antimicrobials production by PNSB
was required. A combination of PNSB obtained from cul-
ture collections and isolated PNSB were spotted on agar
plates and overlayed with a second PNSB or non-PNSB
strain (i.e. indicator strain). Areas around the spotted cul-
tures clear of growth were an indication of the inhibitory
activity (i.e. inhibition zone).

Inhibition zones were detected for two PNSB strains
namely, Rps. palustris EBE1 and Rb. blasticus EBR2
(Table 2); the former against Rps. palustris EBR1 and
Escherichia coli MG1655 K12 and the latter against the
Rps. palustris EBEL. These inhibition zones could be due
to several mechanisms including growth limitations due
to competition of nutrients, changes in pH by the pro-
duction or consumption of organic acids, inhibition by
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undissociated organic acids and inhibition by antimicro-
bial compounds (Hibbing et al. 2010). Competition of
nutrients can probably be excluded because a nutrient-
rich medium was used for the agar plate experiments
(section ‘Inocula and medium’). The pH of the agar can
change during the experiment due to photoassimilation
of acetate by PNSB. This might also result in inhibition.
pH changes were probably not the driving mechanism for
inhibition because the final pH values of the inhibition
zones (pH 8.0-8.5) were similar to the rest of the plate. If
pH would have been the driving factor, inhibition would
have occurred independently of the spotted strain because
all PNSB consume acetate. Inhibition by undissociated
organic acids was also not possible because the carbon
contained in the medium (acetate, propionate and buty-
rate) cannot be converted further through secondary fer-
mentation reaction without H, or ethanol present (Agler
et al. 2011). Inhibition was, therefore, likely due to
antimicrobial activity. The type of antimicrobial secreted
cannot be deduced, yet the inhibition is specific to certain
strains. This is a key indicator for bacteriocin activity,
which is often strain-specific (de Freire Bastos
et al. 2015). This is also in line with the genome mining
results (section ‘Mining of PNSB genomes’) and the study
by Lee et al. (2009), who have shown bacteriocin produc-
tion by a Rb. capsulatus strain.

During the agar spot assays, absence of competitive inhi-
bition was observed for Rps. palustris EBE1 and Rb. blasti-
cus EBR2 against some indicator strains. Variation in the
size of the inhibition zone against Rps. palustris EBE1
(p < 0.05) was also detected (Table 2). The actual reason
for the absence of inhibition or variation in the size of the
inhibition zone cannot be deducted, yet research shows that
multiple causes may be at the root of this. Resistance to
bacteriocins, for example, is often found within the bacteri-
ocin gene cluster (de Freire Bastos et al. 2015). Some bacte-
riocins, for example, have a very narrow spectrum of
activity (Rea et al. 2010), possibly not targeting the

Table 2 Inhibition zone for the agar spot assays, for each strain combination showing averages + standard deviation. (n = 9). ‘=" No inhibition
observed. Spotted strain: microbe with potential antimicrobial activity; Indicator strain: microbe potentially sensitive towards antimicrobials pro-

duced by spotted strain

Indicator strain — Spot-
ted strain ¥

Rhodopseudomonas

palustris EBR1 palustris EBE1

Rhodopseudomonas

Rhodobacter blasti-
cus EBR2

Escherichia coli
MG1655 K12

Rhodospirillum
rubrum S 1 H

Rhodopseudomonas 5.7 £ 0.3° -
palustris EBE1

Rhodobacter blasticus —
EBR2

Rhodopseudomonas — —
palustris EBR1

Rhodospirillum rubrum — —

S1H

5.1 + 0.5°

1.5 £ 0.0°
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indicator strain. For Gram-positive bacteria, it was shown
that the resistance to bacteriocins may either be innate or
acquired and that the mechanisms are complex, even differ-
ing amongst strains of the same species (de Freire Bastos
et al. 2015). The properties of the inhibiting compound
might also be different. This may result in a different diffu-
sion distance and might contribute to a different size in the
inhibition zone (Gravesen et al. 2002). Another cause
might be a difference in sensitivity of the indicator strain,
with one target being more susceptible to the antimicrobial
compound(s) than others. Finally, a different compound
might be the cause of inhibition possibly not triggering
bacteriocin production as heavily as other microbes
(Maldonado-Barragan et al. 2013).

Exploring antimicrobial enhanced selectivity in liquid
cultures

Liquid culture competition experiments

The spot assay and previous reports in the literature show
that some PNSB strains possess antimicrobial activity on
agar plates. This, however, does not imply similar beha-
viour in mixed photobioreactors with a suspended PNSB
community. Experiments were, therefore, conducted to
verify whether the inhibiting PNSB strains of the spot
assays have a competitive advantage in liquid cultures
(proxy for photobioreactor) and contribute to selective
growth. The maximal specific growth rate of each strain
was first determined under the same conditions as the
competition experiment and was used to predict the theo-
retical abundance of each strain in case no inhibition
occurs (Supporting Information S1).

According to the agar spot assays, the slower-growing
Rb. blasticus EBR2 ought to inhibit the growth of Rps.
palustris EBE1, yet no inhibition was observed (Figure 3).
The relative abundance of Rb. blasticus EBR2 (19%) was
lower than expected through the model (28%). During
the agar spot assay (section ‘Agar spot assay’), the spotted
PNSB strains (i.e. antimicrobial producer) had no initial
competition, allowing for the cost versus growth tradeoff
to be less impactful (Riley and Gordon 1999). The
antimicrobial compound concentration will be relatively
high near the producing strain and, thus, more impactful.
During the liquid culture experiments, however, both the
indicator strain and the antimicrobial-producing strain
were initially present in low biomass concentrations
(0.025 g volatile suspended solids; VSS L™"), making the
energy cost of bacteriocin production a greater factor, as
was shown by microbial ecology studies (Abrudan
et al. 2012). Moreover, the antimicrobial-producing strain
will benefit less from the antimicrobial-induced inhibition
as the concentration is rapidly diluted due to mixing and
diffusion. Lower antimicrobial compound concentration
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Figure 3 Liquid culture competitive growth experiment showing the
relative abundance of Rhodobacter blasticus EBR2 (M) and the
Rhodopseudomonas palustris EBE1 () at time (t) Oh, 72 h and
through the growth model. The PNSB abundancies in the growth
model were calculated using the equation N = NQ*eHM@x(tfinal-tlag)
without considering competitive inhibition. The abundance was cor-
rected for 16S gene copies per genome.

will result in a lower effectiveness and thus less inhibition
than expected based on the spot assays.

Assessing the genomic potential of the inhibiting PNSB
strains

The initial bioinformatic screening used genomes from
online databases (section ‘Mining of PNSB genomes’).
The genomes of the inhibiting strains Rb. blasticus EBR2
and the Rps. palustris EBE1 used in the agar spot assays
were, therefore, also analysed using antiSMASH and
BAGEL.

The Rps. palustris EBE1 analysed through antiSMASH
returned four terpene clusters, two homoserine lactone
clusters and a single betalactone cluster. Rb. blasticus
EBR2 returned hits for two terpene clusters, a homoserine
lactone cluster and a polyketide synthetase cluster. These
hits are not directly linked to inhibitory peptides, yet the
polyketide synthetase enzyme could possibly produce
antimicrobials. Follow-up screening through BAGEL iden-
tified a microcin cluster in Rb. blasticus EBR2. The micro-
cin cluster contained genes likely encoding for a
leukotoxin-activating lysine acyltransferase (35% match, E
value 6e-14). This transferase is required for the modifica-
tion and activation of leukotoxin, which are pore-forming
antimicrobial compounds (Narayanan et al. 2002). For
the Rps. palustris EBE1, however, no relevant cluster hits
were found. This is likely the case because little research

© 2022 The Authors. Letters in Applied Microbiology published by John Wiley & Sons Ltd on behalf of Society for Applied Microbiology. 5
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has been performed on antimicrobials produced by PNSB.
Therefore, few identified core peptides are known, allow-
ing for only limited hits with existing databases.

Peptidomics point towards the production of a ‘non-
ribosomal peptide’ as antimicrobial

The bioinformatic screening showed that several PNSB
lineages possess the genes for the production of antimi-
crobials. The spot assay test showed examples of intra-
and inter-species microbial inhibition. This activity sug-
gests that the genes related to antimicrobials may have
been expressed. This section aims to provide evidence
that antimicrobial compounds have been produced and
that those compounds are likely of peptidic nature. How-
ever, further studies are required to provide a direct link
between the occurrence of the identified candidates and
antimicrobial activity.

Amino acid sequences of peptides reconstructed from
filtered supernatant from the competition experiment
between Rps. palustris EBE1 and Rps. palustris EBR2 did
not provide any hits for bacteriocins through a direct
blast on the bacteriocin database. This is likely the case
because this database is biased towards well-studied com-
pounds. The de novo peptide sequences were also aligned
through the global non-redundant protein sequence data-
base (NCBI) and the Rps. palustris sequence database.
From the obtained matches to known proteins, one
sequence provided a match (percentage identity 100%)
with a peptide directly linked to antimicrobial activity
(i.e. SVLQLLR). The sequence matched with three non-
ribosomal peptide synthetases (Supporting Informa-
tion S2), enzymes involved in the synthesis of antimicro-
bial peptides  (Accession number: KAF9768165;
KAF4336958; WP_071803044) (Felnagle et al. 2008).

Outlook

This research and previous reports have shown that cer-
tain PNSB strains possess the potential to inhibit micro-
bial competitors through antimicrobial peptides.
Competitive inhibition in photobioreactors, however, will
probably be more difficult due to the dilution of the
antimicrobials through mixing and diffusional limitations
in bioaggregates. Traditional selection phenomena such as
supplying fermented carbon sources, avoiding oxygen and
visible light are probably more influential in driving
microbial selectivity of PNSB, especially for suspended
cultures (Capson-Tojo et al. 2020). In PNSB aggregates,
which are flocs or granules generated in upflow reactors
or sequencing batch reactors (Cerruti et al. 2020), it
might be possible that dilution of the antimicrobials will
play less of a role and, thus, antimicrobial enhanced selec-
tivity might be more important. Stegman et al. (2021),
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for instance, studied an upflow photobioreactor and
observed a uniform microbial structure in the granules.
The researchers, however, attributed the uniform interior
microbial community structure to the metabolic versatil-
ity of PNSB (acidogenic fermentation in the granule inte-
rior) and the utilization of extracellular polysaccharides as
a carbon source. Our research was mainly set up to
understand the contribution of antimicrobials in sus-
pended PNSB systems (e.g. raceway ponds and tubular
photobioreactors). Dedicated research initiatives are nec-
essary to elucidate whether antimicrobials contribute to
selectivity in floccular and biofilm PNSB systems.

The antimicrobial peptides produced by PNSB are also
relevant for aquaculture. Especially for shrimp breeding,
there is a lot of research progress on the use of PNSB
biomass as feed ingredient and/or as probiotic (Chumpol
et al. 2018; Chumpol et al. 2019; Saejung et al. 2021;
Alloul et al. 2021). Particularly, probiotic use of PNSB is
interesting because the shrimp sector combats with out-
breaks of pathogens related to Vibrio. These pathogens
cause acute hepatopancreatic necrosis disease, which can
result in up to 100% shrimp mortality (Tran et al. 2013).
In previous research, we have shown through agar spot
assays that strains of the species Rb. capsulatus and Rps.
palustris can inhibit the growth of shrimp Vibrio patho-
gens (Alloul et al. 2021). There was, however, no
enhanced survival against Vibrio pathogens for shrimp fed
with PNSB in the in vivo challenge test, probably because
there was no direct contact with the pathogen and PNSB
species. Next to photoheterotrophy, PNSB are also able to
grow anaerobic chemoheterotrophically in the dark through
acidogenic fermentative conversions (Imhoff 2006). Aqua-
culture research should, therefore, study PNSB that can col-
onize the gastrointestinal tract of shrimp and, thus, provide
potentially better protection against pathogens.

Materials and methods

Bioinformatic screening for bacteriocins and ribosomally
synthesized peptides

A set of 166 reference PNSB genomes, obtained from
Database Resources of the National Center for Biotech-
nology Information (NCBI), have been mined to uncover
their potential to produce secondary metabolites (Gen-
bank Assembly Accessions see Supporting Informa-
tion S3). PNSB strains belonging to 28 recognized
PNSB genera were included in the database except for
Roseospira, Phaeovibrio, Rhodobaculum, Rubribacterium,
Rhodothalassium, Rhodocyclus and Rubrivivax. The online
secondary metabolite prediction tool antiSMASH was
used to mine the genomes (Blin et al. 2019). The ‘strict’
setting was selected in the web client to obtain well-

6 © 2022 The Authors. Letters in Applied Microbiology published by John Wiley & Sons Ltd on behalf of Society for Applied Microbiology.
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defined clusters containing all required functional parts
for a specific secondary metabolite. The FASTA files of
the genomes were uploaded directly to antiSMASH,
which uses GLIMMERHMM (Majoros et al. 2004) and
Prodigal (Hyatt et al. 2010) to identify the putative bacte-
rial gene clusters based on hidden Markov motifs
(Medema et al. 2011). The feature KnownClusterBlast
was also enabled, which automatically screened the identi-
fied putative gene clusters against the MIBig database to
provide hits against known biosynthetic gene clusters
(Medema et al. 2015). The number of copies of each gene
cluster in a genome was then calculated.

To test whether PNSB have the genetic ability to pro-
duce bacteriocins or ribosomally synthesized and post-
translationally modified peptides (RiPPs), the 166 PNSB
genomes were mined using the bacteriocin prediction tool
BAGEL (van Heel et al. 2018).

Inocula and medium

Four PNSB strains were used during the experiments: (i)
Rhodospirillum rubrum S 1 H, (ii) Rps. palustris EBE1
obtained from a local pond based on the isolation proto-
col of Alloul et al. (2019) and two strains isolated by Cer-
ruti et al. (2020) namely (iii) Rps. palustris EBR1 and (iv)
Rb. blasticus EBR2. The reference strain Escherichia coli
MG1655 K12 was used as a proxy for non-PNSB
microorganisms. Growth conditions for the pre-
cultivation are described in the next section ‘Agar spot
assay’.

A synthetic cultivation medium containing a mixture
of volatile fatty acids at a pH of 7 was used for all experi-
ments. The medium contained 0.9 g 17" acetate, 0.7 g 1™*
propionate, 0.5 g1™' butyrate, 0.8 gl™' KH,PO,,
0.5 g1 MgCl,-6H,0, 0.1 gl™' CaCl,-2H,0, 0.7 g17!
Na,SO4, 1.2 g 17" NH4Cl, 1.0 g 17! NaCl, and 0.3 g 17"
NaHCOs;. Volumes of 0.0011 of trace elements and
0.001 1 vitamin solutions, based on the composition given
in Imhoff (2006), were also added per litre of medium.
For the spot assays, 15 g 17" agar was added to the med-
ium. E. coli was cultured aerobically in Lysogeny broth.

Agar spot assay

For the antimicrobial spot assays, PNSB cultures were
first phototrophically pre-cultivated in 0.100-1 infusion
flasks on a shaker at 30°C (agitation speed 150 rpm).
Light was provided with two halogen lamps on each side
(light intensity 60 W m™?). The light was filtered for
wavelengths above 700 nm through infrared transmission
filters (Bay Plastics Ltd., United Kingdom). The headspace
of each flask was flushed with argon to create an anaero-
bic environment. Agar plates were then spotted with 2 pl
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liquid PNSB culture and incubated in an atmosbag (Sig-
maAldrich, the Netherlands). The atmosbag was flushed
with nitrogen gas to create an anaerobic environment. A
halogen lamp was placed outside the bag. White light was
filtered to supply infrared wavelengths above 700 nm
through an infrared transmission filter, resulting in an
irradiance intensity of 40 W m™> at the surface of the
bag (pyranometer, Kipp & Zonen, the Netherlands). After
5 days, the plates were overlayed with 0.005 1 of soft agar
(at 5g1") containing another diluted PNSB strain or
E. coli at 0.05 g1™' VSS. 1 g VSS 17" corresponds with
approximately 1.2-3.6 viable cells x 10" 17! (Degenaar
et al. 2000). Optical density in relation to microbial bio-
mass can be found in Supporting Information S4.

Inhibition zones were measured from the edge of the
PNSB colony until the end of the zone once growth was
visible on the overlay agar (after c. 5 days). Samples of
agar were dissolved in distilled water in a 1 : 1 mass ratio
for pH measurement. Standard methods were used to
analyse the concentrations of total suspended solids and
VSS in liquid cultures (Greenberg et al. 1992).

Microbial competition experiment in liquid cultures

The microbial competition experiments aimed to explore
the potential contribution of antimicrobials on the selec-
tive growth of PNSB. Maximal specific growth rates were
first determined for all PNSB strains by incubating the
cultures in 0.100-1 flasks at 0.05 g VSS 1" under anaero-
bic conditions (setup see section ‘Inocula and medium’).
The absorbance at 660 nm was measured to construct
growth curves (DR3900, Hach, Germany). For the actual
competition experiment, co-cultures of two different
PNSB strains inoculated each at 0.025 g VSS 17! were
performed in 0.100-L flasks and incubated anaerobically
in the light (setup see section ‘Inocula and medium’).
The experiment was halted after 72 h. This time was
selected to ensure that all strains reach the stationary
phase. Initial and final samples were taken and frozen at
—20°C for further analysis.

Microbial community analysis and whole genome
sequencing

To study the effect of antimicrobials on microbial selec-
tivity, PNSB abundancies of the liquid cutlture competi-
tion experiment had to be compared to a simple growth
model, which does not include competitive inhibition.
The pools of genomic DNA of the initial and final co-
cultures were extracted using the DNeasy UltraClean
microbial extraction kit according to the manufacturer’s
instructions (Qiagen, Venlo, the Netherlands). The wetlab
and dry-lab workflows for the 16S rRNA gene sequencing
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were performed according to the protocol described by
Alloul et al. (2021). In brief, the V3-V4 hypervariable
region of the bacterial 16S rRNA gene pool of the DNA
extracts was amplified by polymerase chain reaction
(PCR) wusing the pair of 341f/806r primers before
sequencing of PCR products using a HiSeq 2500 sequen-
cer (Illumina) at Novogene (United Kingdom). The data
have been deposited with links to BioProject accession
number PRJNA807846 in the NCBI BioProject database.
These relative abundances of the PNSB strains have been
corrected for the number of 16S rRNA gene copies per
strain using the average from comparable genomes on
ribosomal RNA operon database (Stoddard et al. 2015).
Final relative abundances of both strains were predicted
from the initial relative abundances, assuming no compet-
itive inhibition (N = Ny*ehmaxx(final=lag) Ar 9] bio-
mass concentration; Nj: initial biomass concentration:
Hmax: maximal specific growth rate; ., lag-phase) and
using the earlier obtained maximal specific growth rates
in pure cultures (see previous section ‘Microbial competi-
tion experiment’).

The extraction protocol was also used to obtain DNA
of Rps. palustris EBE1 and Rb. blasticus EBR2 for whole
genome sequencing. High-throughput genome sequencing
was carried out on the Illumina platform HiSeq 2500 at
Novogene (United Kingdom). The resulting paired read
libraries were uploaded and processed on PATRIC, a plat-
form for the analysis of microbial sequencing data (Bret-
tin et al. 2015). The quality of the reads was checked
using the FastQC pipeline and adaptors were trimmed
using the trim option. Afterwards, genome assembly was
executed using the genome assembly service, specifying
the Ilumina platform and the auto assembly strategy
option. The resulting FASTA file for the pond isolate was
then subjected to taxonomy identification.

Peptidomics

Peptidomics was conducted to search for peptide frag-
ments of bacteriocin compounds or synthetases. The final
broth of the competition with the co-culture Rps. palustris
EBEl and Rps. palustris EBR1 was used. Biomass was
removed through centrifugation at 10 g for 15 min and
filtered using a 10 kDa cutoff filter. Free peptides present
in the supernatant were enriched using OASIS HLB solid-
phase extraction cartridges (Waters, UK) and dried using
a speed vacuum concentrator. The extract was solubilized
in LC-MS grade H,O containing 3% acetonitrile plus
0.01% trifluoroacetic acid. An aliquot of approximately
30% of the extract was analysed using a one-dimensional
shotgun proteomics approach (Kleikamp et al. 2021).
Briefly, the sample was analysed using a nano-liquid-
chromatography system (EASY nano-LC 1200) equipped
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with an Acclaim PepMap RSLC RP C18 separation col-
umn (50 pm x 150 mm, 2 pm) and a QE plus Orbitrap
mass spectrometer (Thermo Fisher Scientific, Germany).
The flow rate was maintained at 350 nl min~" over a lin-
ear gradient from 5% to 30% solvent B over 40 min, and
finally to 60% B over 15 min, followed by back equilibra-
tion to starting conditions. Solvent A was LC/MS grade
H,O containing 0.1% formic acid and solvent B consisted
of 80% acetonitrile in LC/MS grade H,O and 0.1% for-
mic acid. The Orbitrap was operated in data-dependent
acquisition mode acquiring peptide signals from 385—
1250 m/z at 70 K resolution with a maximal injection
time of 100 ms and an automatic gain control (AGC) tar-
get of 3e6. The top 10 signals were isolated at a window
of 2.0 m/z and fragmented using a normalized collision
energy of 28. Fragments were acquired at 17 K resolution
with a maximal injection time of 75 ms and an AGC tar-
get of 2e5. Mass spectrometric raw data were analysed
against the proteome sequence database from Rps. palus-
tris (UniprotKB, Taxonomy ID: 1076) using PEAKS Stu-
dio X (Bioinformatics Solutions Inc., Waterloo, Ontario,
Canada) allowing for 20 ppm parent ion and 0.02 m/z
fragment ion mass error, 2 missed cleavages, methionine
oxidation and N/Q deamidation as variable modifications.
Peptide spectrum matches were finally filtered against a
1% false discovery rate. Alternatively, signals were de
novo sequenced using PEAKS Studio X (Bioinformatics
Solutions Inc.), allowing oxidation and deamidation as
variable modifications. Only the top sequence hit was
considered for further analysis using sequence alignment
by BLASTP (protein—protein BLAST). Sequences were
aligned against the global non-redundant protein
sequence database or the Rps. palustris sequence database
(Taxonomy ID: 1076), using default parameters for short
sequences (NCBI, 1988). The hits against the global non-
redundant protein sequence database as well as those
against the Rps. palustris sequence database were screened
by name for antimicrobial compounds. Unidentified and
hypothetical proteins have been explored on NCBI to
search for identified structures.

Statistical analyses

The post-hoc pairwise comparisons using the Tukey’s range
test and the analysis of variance test were conducted for
multiple comparisons. The Shapiro-Wilk normality test
and Levene’s test were used to test normality and homo-
geneity of variances, respectively. The non-parametric
Kruskal-Wallis rank sum test and posthoc pairwise com-
parisons using the Mann—Whitney U test (p-values were
adjusted using the Benjamini-Hochberg correction) were
performed if normality was rejected. In case of unequal
sample size or if homoscedasticity was rejected, the Welch’s
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t-test was conducted. A significance level of p < 0.05 was
chosen. All analyses were performed in R (ver. 4.1.3) using
RStudio (RStudio®, Boston, MA) for Windows.

Acknowledgements

The authors kindly acknowledge (i) the Start-Up Grant of
the TU Delft Department of Biotechnology (D.G.W.), (ii)
the project’Saraswati 2.0’ (821427) funded by the Euro-
pean Union’s Horizon 2020 Research and Innovation
program on EU-India water co-operation, for financial
support of A.A. between the University of Antwerp and
the TU Delft, (iii) the project ‘PurpleRace’ (40207)
funded by IOF (Industrieel onderzoeksfonds) from the
University of Antwerp for financial support of A.A., and
(iv) the Research Foundation Flanders (Fonds Weten-
schappelijk Onderzoek - Vlaanderen) for supporting A.A.
with a postdoctoral fellowship (12W0522N).

Authors contributions

A.A. and D.G.W. designed the experiments, analysed the
data and wrote the paper. W.V.K. collected the samples,
analysed the data, performed the experiments and sup-
ported the writing process. M.C. supported the sample
collection and helped write the paper. S.W. helped with
the bioinformatic analysis. M.P. was involved in the pro-
teomic and data analysis. All contributing authors have
read and approved the final version of the manuscript.

Conflict of Interest

No conflict of interest declared.

Data availability statement

The data that supports the findings of this study are
available in the supplementary material of this article.

References

Abrudan, M.L, Brown, S. and Rozen, D.E. (2012) Killing as
means of promoting biodiversity. Biochem Soc Trans 40,
1512-1516.

Agler, M.T., Wrenn, B.A., Zinder, S.H. and Angenent, L.T.
(2011) Waste to bioproduct conversion with undefined
mixed cultures: the carboxylate platform. Trends Biotechnol
29, 70-78.

Alloul, A., Blansaer, N., Segura, P.C., Wattiez, R., Vlaeminck,
S.E. and Leroy, B. (2022) Dehazing redox homeostasis to
foster purple bacteria biotechnology. Trends Biotechnol.
https://doi.org/10.1016/j.tibtech.2022.06.010.

Antimicrobials of purple bacteria

Alloul, A., Cerruti, M., Adamczyk, D., Weissbrodt, D.G. and
Vlaeminck, S.E. (2021) Operational strategies to selectively
produce purple bacteria for microbial protein in raceway
reactors. Environ Sci Technol 55, 8278—8286.

Alloul, A., Muys, M., Hertoghs, N., Kerckhof, F.-M. and Vlaeminck,
S.E. (2021) Cocultivating aerobic heterotrophs and purple
bacteria for microbial protein in sequential photo-and
chemotrophic reactors. Bioresour Technol 319, 124192.

Alloul, A., Wille, M., Lucenti, P., Bossier, P., Van Stappen, G.
and Vlaeminck, S.E. (2021) Purple bacteria as added-value
protein ingredient in shrimp feed: Penaeus vannamei
growth performance, and tolerance against Vibrio and
ammonia stress. Aquaculture 530, 735788.

Alloul, A., Wuyts, S., Lebeer, S. and Vlaeminck, S.E. (2019)
Volatile fatty acids impacting phototrophic growth kinetics
of purple bacteria: Paving the way for protein production
on fermented wastewater. Water Res 152, 138—147.

Batstone, D.J., Keller, J., Angelidaki, I., Kalyuzhnyi, S,
Pavlostathis, S., Rozzi, A., Sanders, W., Siegrist, H. et al.
(2002) The IWA anaerobic digestion model no 1 (ADM1).
Water Sci Technol 45, 65-73.

Bayon-Vicente, G., Zarbo, S., Deutschbauer, A., Wattiez, R.
and Leroy, B. (2020) Photoheterotrophic assimilation of
valerate and associated polyhydroxyalkanoate production
by Rhodospirillum rubrum. Appl Environ Microb 86,
€00901-e00920.

Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N., Lee,
S.Y., Medema, M.H. and Weber, T. (2019) antiSMASH
5.0: updates to the secondary metabolite genome mining
pipeline. Nucleic Acids Res 47, W81-W87.

Brettin, T., Davis, J.J., Disz, T., Edwards, R.A., Gerdes, S.,
Olsen, G.J., Olson, R., Overbeek, R. et al. (2015) RASTtk:
a modular and extensible implementation of the RAST
algorithm for building custom annotation pipelines and
annotating batches of genomes. Sci Rep 5, 1-6.

Capson-Tojo, G., Batstone, D.J., Grassino, M., Vlaeminck, S.E.,
Puyol, D., Verstraete, W., Kleerebezem, R., Oehmen, A.
et al. (2020) Purple phototrophic bacteria for resource
recovery: challenges and opportunities. Biotechnol Adv
107567, 107567.

Cerruti, M., Crosset-Perrotin, G., Ananth, M., Rombouts, J.L.
and Weissbrodt, D.G. (2021) Syntrophy between
fermentative and purple phototrophic bacteria for
carbohydrate-based wastewater treatment. bioRxiv.

Cerruti, M., Stevens, B., Ebrahimi, S., Alloul, A., Vlaeminck,
S.E. and Weissbrodt, D.G. (2020) Enrichment and
aggregation of purple non-sulfur bacteria in a mixed-
culture sequencing-batch photobioreactor for biological
nutrient removal from wastewater. Frontiers in
Bioengineering and Biotechnology 8, 557234.

Challis, G.L., Ravel, J. and Townsend, C.A. (2000) Predictive,
structure-based model of amino acid recognition by
nonribosomal peptide synthetase adenylation domains.
Chem Biol 7, 211-224.

© 2022 The Authors. Letters in Applied Microbiology published by John Wiley & Sons Ltd on behalf of Society for Applied Microbiology. 9


https://doi.org/10.1016/j.tibtech.2022.06.010

Antimicrobials of purple bacteria

Chumpol, S., Kantachote, D., Nitoda, T. and Kanzaki, H.
(2018) Administration of purple nonsulfur bacteria as
single cell protein by mixing with shrimp feed to enhance
growth, immune response and survival in white shrimp
(Litopenaeus vannamei) cultivation. Aquaculture 489, 85—
95.

Chumpol, S., Kantachote, D., Rattanachuay, P., Torpee, S.,
Nitoda, T. and Kanzaki, H. (2019) Optimization of
culture conditions for production of antivibrio
compounds from probiotic purple nonsulfur bacteria
against acute hepatopancreatic necrosis disease-causing
Vibrio parahaemolyticus and Vibrio spp. Aquaculture 505,
72-83.

Cotter, P.D., Hill, C. and Ross, R.P. (2005) Bacteriocins:
developing innate immunity for food. Nat Rev Microbiol 3,
777-788.

Degenaar, A., Mudaly, D., Manganyi, A. and Bux, F. (2000)
An evaluation of volatile suspended solids as a true
measure of metabolic activity in activated sludge. In
Presented at the WISA 2000 Biennial Conference, Sun City,
South Africa, 28 May - 1 June 2000.

Felnagle, E.A., Jackson, E.E., Chan, Y.A., Podevels, A.M., Berti,
A.D., McMahon, M.D. and Thomas, M.G. (2008)
Nonribosomal peptide synthetases involved in the
production of medically relevant natural products. Mol
Pharm 5, 191-211.

de Freire Bastos, M.D.C., Coelho, M.L.V. and da Silva Santos,
0O.C. (2015) Resistance to bacteriocins produced by Gram-
positive bacteria. Microbiology 161, 683—700.

Galvez, A., Abriouel, H., Lépez, R.L. and Omar, N.B. (2007)
Bacteriocin-based strategies for food biopreservation. Int J
Food Microbiol 120, 51-70.

Gravesen, A., Jydegaard Axelsen, A.-M., Mendes da Silva, J.,
Hansen, T. and Knechel, S. (2002) Frequency of
bacteriocin resistance development and associated fitness
costs in Listeria monocytogenes. Appl Environ Microb 68,
756-764.

Greenberg, A.E., Clesceri, L.S. and Eaton, A.D. (1992) Standard
methods for the examination of water and wastewater.
Washington, DC: American Public Health Association.

van Heel, AJ., de Jong, A., Song, C., Viel, ].H., Kok, J. and
Kuipers, O.P. (2018) BAGEL4: a user-friendly web server
to thoroughly mine RiPPs and bacteriocins. Nucleic Acids
Res 46, W278-W281.

Hegemann, ].D., Zimmermann, M., Zhu, S., Klug, D. and
Marahiel, M.A. (2013) Lasso peptides from proteobacteria:
genome mining employing heterologous expression and
mass spectrometry. Peptide Sci 100, 527-542.

Hibbing, M.E., Fuqua, C., Parsek, M.R. and Peterson, S.B.
(2010) Bacterial competition: surviving and thriving in the
microbial jungle. Nat Rev Microbiol 8, 15-25.

Himes, P.M., Allen, S.E., Hwang, S. and Bowers, A.A. (2016)
Production of sactipeptides in Escherichia coli: probing the
substrate promiscuity of subtilosin a biosynthesis. ACS
Chem Biol 11, 1737-1744.

A. Alloul et al.

Hilsen, T., Barry, EMM., Lu, Y., Puyol, D. and Batstone, D.J.
(2016) Low temperature treatment of domestic wastewater
by purple phototrophic bacteria: performance, activity, and
community. Water Res 100, 537-545.

Hunter, C.N., Daldal, F., Thurnauer, M.C. and Beatty, J.T. eds.
(2008) The purple phototrophic bacteria. Dordrecht, the
Netherlands: Springer.

Hyatt, D., Chen, G.-L., LoCascio, P.F., Land, M.L., Larimer,
F.W. and Hauser, L.J. (2010) Prodigal: prokaryotic gene
recognition and translation initiation site identification.
BMC Bioinform 11, 119.

Imhoft, J.F. (2006) The phototrophic alpha-proteobacteria. In
The Prokaryotes eds. Dworkin, M., Falkow, S., Rosenberg,
E., Schleifer, K.-H. and Stackebrandt, E. pp. 41-64. New
York, Springer-Verlag.

Kleikamp, H.B., Pronk, M., Tugui, C., da Silva, L.G., Abbas,
B., Lin, Y.M., van Loosdrecht, M.C. and Pabst, M. (2021)
Database-independent de novo metaproteomics of
complex microbial communities. Cell Syst 12, 375-383.

Lee, S.-S., Oh, T.J., Kim, J., Kim, J.-B. and Lee, H.-S. (2009)
Bacteriocin from purple nonsulfur phototrophic bacteria,
Rhodobacter capsulatus. ] Bacteriol Virol 39, 269-276.

Majoros, W.H., Pertea, M. and Salzberg, S.L. (2004) TigrScan
and GlimmerHMM: two open source ab initio eukaryotic
gene-finders. Bioinformatics 20, 2878-2879.

Maldonado-Barragdn, A., Caballero-Guerrero, B., Lucena-
Padrés, H. and Ruiz-Barba, J.L. (2013) Induction of
bacteriocin production by coculture is widespread among
plantaricin-producing Lactobacillus plantarum strains with
different regulatory operons. Food Microbiol 33, 40-47.

Maréti, G., Kereszt, A., Kondorosi, E. and Mergaert, P. (2011)
Natural roles of antimicrobial peptides in microbes, plants
and animals. Res Microbiol 162, 363-374.

Medema, M.H., Blin, K., Cimermancic, P., De Jager, V.,
Zakrzewski, P., Fischbach, M.A., Weber, T., Takano, E.
et al. (2011) antiSMASH: rapid identification, annotation
and analysis of secondary metabolite biosynthesis gene
clusters in bacterial and fungal genome sequences. Nucleic
Acids Res 39, W339-W346.

Medema, M.H., Kottmann, R., Yilmaz, P., Cummings, M.,
Biggins, J.B., Blin, K., De Bruijn, I., Chooi, Y.H. et al.
(2015) Minimum information about a biosynthetic gene
cluster. Nat Chem Biol 11, 625-631.

Narayanan, S.K., Nagaraja, T., Chengappa, M. and Stewart,
G.C. (2002) Leukotoxins of gram-negative bacteria. Vet
Microbiol 84, 337-356.

NCBI. (1988) Protein BLAST: Search protein databases using a
protein query. https://www.ncbi.nlm.nih.gov/.

Noparatnaraporn, N., Trakulnaleumsai, S., Silveira, R.G.,
Nishizawa, Y. and Nagai, S. (1987) SCP production by
mixed culture of Rhodocyclus gelatinosus and Rhodobacter
sphaeroides from cassava waste. ] Ferment Bioeng 65, 11-16.

Ponsano, E.H.G., Paulino, C.Z. and Pinto, M.F. (2008)
Phototrophic growth of Rubrivivax gelatinosus in poultry
slaughterhouse wastewater. Bioresour Technol 99, 3836-3842.

10 © 2022 The Authors. Letters in Applied Microbiology published by John Wiley & Sons Ltd on behalf of Society for Applied Microbiology.


https://www.ncbi.nlm.nih.gov/

A. Alloul et al.

Rea, M.C, Sit, C.S., Clayton, E., O’Connor, P.M., Whittal,
R.M., Zheng, J., Vederas, J.C., Ross, R.P. et al. (2010)
Thuricin CD, a posttranslationally modified bacteriocin
with a narrow spectrum of activity against Clostridium
difficile. Proc Natl Acad Sci 107, 9352-9357.

Riley, M.A. and Gordon, D.M. (1999) The ecological role of
bacteriocins in bacterial competition. Trends Microbiol 7,
129-133.

Saejung, C., Chaiyarat, A. and Sanoamuang, L.-O. (2021)
Optimization of three anoxygenic photosynthetic bacteria
as feed to enhance growth, survival, and water quality in
fairy shrimp (Streptocephalus sirindhornae) cultivation.
Aquaculture 534, 736288.

Schuster, M., Joseph Sexton, D., Diggle, S.P. and Peter
Greenberg, E. (2013) Acyl-homoserine lactone quorum
sensing: from evolution to application. Annu Rev Microbiol
67, 43-63.

Shelburne, CE. An, FEY., Dholpe, V., Ramamoorthy, A,
Lopatin, D.E. and Lantz, M.S. (2007) The spectrum of
antimicrobial activity of the bacteriocin subtilosin A. J
Antimicrob Chemother 59, 297-300.

Stegman, S., Batstone, D.J., Rozendal, R., Jensen, P.D. and
Hiilsen, T. (2021) Purple phototrophic bacteria granules
under high and low upflow velocities. Water Res 190,
116760.

Stoddard, S.F., Smith, B.J., Hein, R., Roller, B.R. and Schmidt,
T.M. (2015) rrn DB: improved tools for interpreting rRNA
gene abundance in bacteria and archaea and a new
foundation for future development. Nucleic Acids Res 43,
D593-D598.

Antimicrobials of purple bacteria

Tran, L., Nunan, L., Redman, R.M., Mohney, L.L., Pantoja,
C.R., Fitzsimmons, K. and Lightner, D.V. (2013)
Determination of the infectious nature of the agent of
acute hepatopancreatic necrosis syndrome affecting
penaeid shrimp. Dis Aquat Organ 105, 45-55.

Wambacq, E., Alloul, A., Grunert, O., Carrette, J., Vermeir, P.,
Spanoghe, J., Sakarika, M., Vlaeminck, S.E. et al. (2022)
Aerobes and phototrophs as microbial organic fertilizers:
exploring mineralization, fertilization and plant protection
features. PLoS ONE 17, €0262497.

Yu, S., Peng, L., Xu, Y., Song, S., Xie, G.-J., Liu, Y. and Nij, B.-
J. (2021) Optimizing light sources for selective growth of
purple bacteria and efficient formation of value-added
products. J Clean Prod 280, 124493.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Supporting Information S1 Maximal specific growth
rate of purple non-sulphur bacteria strains.

Supporting Information S2 Sequence alignment of the
‘SVLQLLR’ peptide fragment.

Supporting Information S3 Genbank Assembly Acces-
sion of purple non-sulphur bacteria genomes.

Supporting Information S4 Microbial biomass in rela-
tion to optical density.

Supporting Information S5 Liquid culture competition
experiments.

© 2022 The Authors. Letters in Applied Microbiology published by John Wiley & Sons Ltd on behalf of Society for Applied Microbiology. 11



	 Abstract
	 Intro�duc�tion
	 Results and dis�cus�sion
	 Min�ing of PNSB genomes uncov�ers poten�tial for antimi�cro�bial pep�tides pro�duc�tion
	lam13795-fig-0001
	lam13795-fig-0002
	 Agar spot assays show inter- and intra-species micro�bial inhi�bi�tion by PNSB
	 Explor�ing antimi�cro�bial enhanced selec�tiv�ity in liq�uid cul�tures
	 Liq�uid cul�ture com�pe�ti�tion exper�i�ments
	 Assess�ing the genomic poten�tial of the inhibit�ing PNSB strains

	lam13795-fig-0003
	 Pep�tidomics point towards the pro�duc�tion of a `non-ri�bo�so�mal pep�tide' as antimi�cro�bial

	 Out�look

	 Mate�ri�als and meth�ods
	 Bioin�for�matic screen�ing for bac�te�ri�ocins and ribo�so�ma�lly syn�the�sized pep�tides
	 Inoc�ula and medium
	 Agar spot assay
	 Micro�bial com�pe�ti�tion exper�i�ment in liq�uid cul�tures
	 Micro�bial com�mu�nity anal�y�sis and whole genome sequenc�ing
	 Pep�tidomics
	 Sta�tis�ti�cal anal�y�ses

	 Acknowl�edge�ments
	 Authors con�tri�bu�tions
	 Con�flict of Inter�est
	 Data avail�abil�ity state�ment

	 Ref�er�ences
	lam13795-bib-0001
	lam13795-bib-0002
	lam13795-bib-0003
	lam13795-bib-0004
	lam13795-bib-0005
	lam13795-bib-0006
	lam13795-bib-0007
	lam13795-bib-0008
	lam13795-bib-0009
	lam13795-bib-0010
	lam13795-bib-0011
	lam13795-bib-0012
	lam13795-bib-0013
	lam13795-bib-0014
	lam13795-bib-0015
	lam13795-bib-0016
	lam13795-bib-0017
	lam13795-bib-0018
	lam13795-bib-0019
	lam13795-bib-0020
	lam13795-bib-0021
	lam13795-bib-0022
	lam13795-bib-0023
	lam13795-bib-0024
	lam13795-bib-0025
	lam13795-bib-0026
	lam13795-bib-0027
	lam13795-bib-0028
	lam13795-bib-0029
	lam13795-bib-0030
	lam13795-bib-0031
	lam13795-bib-0032
	lam13795-bib-0033
	lam13795-bib-0034
	lam13795-bib-0035
	lam13795-bib-0036
	lam13795-bib-0037
	lam13795-bib-0038
	lam13795-bib-0039
	lam13795-bib-0040
	lam13795-bib-0501
	lam13795-bib-0041
	lam13795-bib-0042
	lam13795-bib-0043
	lam13795-bib-0044
	lam13795-bib-0045
	lam13795-bib-0046
	lam13795-bib-0047
	lam13795-bib-0048
	lam13795-bib-0049
	lam13795-bib-0050
	lam13795-bib-0051
	lam13795-bib-0052


