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1 | INTRODUCTION

Abstract

The discovery of secondary metabolites from marine microorganisms is beset by nu-
merous challenges including difficulties cultivating and subsequently eliciting expres-
sion of biosynthetic genes from marine microbes in the laboratory. In this paper, we
describe a method of culturing three species from the marine bacterial genus
Pseudoalteromonas using cotton scaffold supplemented liquid media. This simple cul-
tivation method was designed to mimic the natural behavior of some members of the
genus wherein they form epibiotic/symbiotic associations with higher organisms
such as sponges and corals or attach to solid structures as a biofilm. Our scaffolded
cultivation is highly effective at stimulating an attachment/biofilm phenotype and
causes large changes to metabolite profiles for the microbes investigated. Metabolite
changes include alteration to the production levels of known molecules such as viola-
cein, thiomarinol A, and the alterochromide and prodiginine families of molecules.
Finally and critically, our technique stimulates the production of unknown com-
pounds that will serve as leads for future natural product discovery. These results
suggest our cultivation approach could potentially be used as a general strategy for
the activation of silent gene clusters in marine microbes to facilitate access to their

full natural product biosynthetic capacity.
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of wild-type strains represent a small fraction of the genetically en-

coded molecules that exist in nature, as many biosynthetic genes

Mining of microbes for bioactive natural products has resulted in
the discovery of a plethora of valuable pharmaceutically relevant
compounds (Newman & Cragg, 2016). The incentive to discover or
develop novel bioactive molecules from nature has increased signifi-
cantly in recent years with the rise of antibiotic-resistant pathogens
(Davies & Davies, 2010). Natural product discovery, however, is faced
with a number of challenges including activation of silent gene clus-
ters. Natural products discovered through laboratory fermentation

are not expressed at detectable levels under laboratory conditions
(Reddy et al., 2012). Furthermore, only a small fraction of microbial
strains have been successfully cultivated in the laboratory (Rapp &
Giovannoni, 2003; Staley, 1985). Marine microorganisms have re-
ceived a good deal of attention in recent years as sources of natural
product molecules with structural motifs and biosynthetic mecha-
nisms not commonly found among terrestrial bacteria (Montaser &
Luesch, 2012; Timmermans, Paudel, & Ross, 2017). However, many
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marine microorganisms are obligate symbionts with other marine or-
ganisms or form biofilms when settled on surfaces. Species adapted
to these modes of life can be challenging to culture in vitro, and they
may differentially express natural product biosynthetic gene clus-
ters under standard laboratory conditions (Berrue, Withers, Haltli,
Withers, & Kerr, 2011; Stewart, 2012). It is generally accepted that
biofilm formation and quorum sensing are intimately linked for many
microbes; however, there are multiple instances where secondary
metabolite production is also altered as a result of these behaviors.
(Atkinson, Camara, & Williams, 2007; Barnard et al., 2007; Beauvais
& Latgé, 2015; Bleich, Watrous, Dorrestein, Bowers, & Shank,
2015; Braga, Dourado, & Araujo, 2016; Busetti, Maggs, & Gilmore,
2016; Cude & Buchan, 2013; Cude et al., 2015; Favre et al., 2017;
Harrington et al., 2014; Johnson, Kido Soule, & Kujawinski, 2016;
Nickzad & Déziel, 2013; Othmani, Briand, Ayé, Molmeret, & Culioli,
2016; Zhou, Lyu, Richlen, Anderson, & Caia, 2016). For example,
regulation of the biosynthesis of violacein, an antibacterial second-
ary metabolite produced by several species of Pseudoalteromonas, is
highly sensitive to acyl-homoserine lactone (AHL) quorum sensing
(Ayé et al., 2015; Wang et al., 2008). We believe that by exploiting

the dynamics between biofilm formation, AHL-mediated quorum
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sensing, and secondary metabolite production, we can expand labo-
ratory access to microbial bioactive natural products.

Here, we report a set of simple culture conditions that stimulate
natural product production by three species of marine gammapro-
teobacteria of the genus Pseudoalteromonas while simultaneously
instigating their settlement on a cotton scaffold. Pseudoalteromonas
is a genus of gram-negative marine bacteria whose members are
found in marine sediment, seawater, and frequently in association
with other marine organisms (Skovhus, Holmstrom, Kjelleberg, &
Dahllof, 2007). Pseudoalteromonads commonly form biofilms for at
least part of their life cycle (Rao, Webb, & Kjelleberg, 2005; Sneed,
Sharp, Ritchie, & Paul, 2014) and produce a large range of bioactive
secondary metabolites including violacein, thiomarinol, pentabro-
mopseudilin, prodigiosin, indolmycin, and bromoalterochromide A
(Bowman, 2007; Holmstrom & Kjelleberg, 1999; Vynne, Mansson,
Nielsen, & Gram, 2011). In this paper, we detail the effect of cultiva-
tion with a cotton scaffold on biofilm formation and the production
of the known metabolites violacein, thiomarinol A, the alterochro-
mides, and the prodiginines (Figure 1) by three bacterial species,
Pseudoalteromonas luteoviolacea 2tal6 (Maansson et al., 2016; Yang,
Xiong, Lee, Qi, & Qian, 2007), P. piscicida JCM 20779 (Ross, Gulland,
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FIGURE 1 Structures of known secondary metabolites analyzed in this study. Violacein and thiomarinol A, produced by P. luteoviolacea
2tal6; the prodiginines, produced by P. rubra DSM-6842; and the alterochromides, produced by P. piscicida JCM 20779
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Dorrestein, & Moore, 2015; Speitling, Smetanina, Kuznetsova, &
Laatsch, 2007), and P.rubra DSM-6842 (Fehér, Barlow, Lorenzo,
& Hemscheidt, 2008; Gerber & Gauthier, 1979). We also describe
global changes in metabolite profiles for the microbes investigated.

2 | MATERIALS AND METHODS

2.1 | Culture conditions

All experiments were performed in biological triplicates, where
three separate cultures were each started from a different indi-
vidual bacterial colony. Cotton ball-containing cultures were pre-
pared using cotton balls obtained from a national-chain dollar store
(Dollarama, Mont-Royal, Quebec, Canada). Three balls of cotton
wool (~1.5-2.0 g) were selected and placed into acid-washed 250-
mL Erlenmeyer flasks and sterilized by autoclaving. Post autoclaving,
100 mL of sterile Difco Marine Broth 2216 was aseptically trans-
ferred to cotton-containing flasks.

Pseudoalteromonas luteoviolacea 2talé and P. piscicida JCM
20779 were obtained as a gift from Bradley Moore of the Scripps
Institution for Oceanography. These strains were radially streaked
onto plates composed of 0.5% (w/v) peptone, 0.3% (w/v) yeast ex-
tract, and 2% (w/v) agar in a commercial seawater substitute (Instant
Ocean). P. rubra DSM-6842 was obtained from the DSMZ German
Collection of Microorganisms and Cell Cultures at the Leibniz
Institute. This strain was streaked on agar plates composed of Difco
Marine Media 2216 with 2% (w/v) agar. Individual colonies of P. pisci-
cida JCM 20779 and P. luteoviolacea 2tal6 were picked and used to
inoculate separate 5 mL aliquots of liquid media composed of 0.5%
(w/v) peptone and 0.3% (w/v) yeast extract, in a commercial artificial
seawater substitute (Instant Ocean). Individual colonies of P. rubra
DSM-6842 were used to inoculate separate 5 mL aliquots of liquid
Difco Marine Media 2216. All liquid cultures were incubated at 30°C
for 18 h with shaking at 180 RPM. An aliquot (1 mL) of each over-
night culture was then used to inoculate a cotton-containing culture
prepared as described previously, and in parallel a 100 mL culture
without cotton balls. All cultures were incubated at 30°C for 18 h
with shaking at 180 RPM.

2.2 | Scanning electron microscopy

Scanning electron microscopy (SEM) was undertaken to observe
the formation of biofilms on the surface of cotton fibers. Cotton-
containing cultures of P. luteoviolacea 2tal6, P. piscicida JCM 20779,
and P.rubra DSM-6842 were prepared as described previously.
Parallel cultures were allowed to grow for either 24 or 96 h at 30°C
with shaking at 180 RPM. Cotton balls were then taken from the
cultures and were washed with 50 mL of milli-Q H,O by shaking
at 100 RPM in an Erlenmeyer flask for 15 min at 22°C. Cells were
fixed by serial washes (50 mL each) with 10% (v/v) ethanol, 25% (v/v)
ethanol, 50% (v/v) ethanol, 75% (v/v) ethanol, 90% (v/v) ethanol,
and 100% (v/v) ethanol for 15 min each with shaking at 80 RPM at

Open Access,

22°C. Samples were then directly analyzed using an FEI Quanta 250
instrument (operated at 0.6 torr, electron beam operated at 10 kV,
Backscatter Electron and Secondary Electron Detectors utilized).
SEM images of unused cotton balls were obtained as a control.
Unused cotton balls were sputter-coated with gold and analyzed
using the FEI Quanta 250 under identical conditions.

2.3 | Extraction

After incubation, cultures were divided into three components. An
aliquot (50 mL) of the liquid portion of both cotton-containing and
non-cotton-containing cultures was centrifuged at 5,000 g for 5 min.
The supernatant of this portion of the culture was extracted with
ethyl acetate (3 x 100 mL). The ethyl acetate extract was dried over
anhydrous magnesium sulfate and concentrated in vacuo. The cell
pellet of each culture aliquot was suspended in methanol (50 mL) for
1 h. Insoluble solids were removed by filtration, and the methanol
was removed in vacuo. Cotton balls were taken out of the culture
and excess media removed via vacuum filtration. Cotton balls were
then submerged in methanol (50 mL) for 1 h. Insoluble solids were

removed by filtration, and methanol was removed in vacuo.

2.4 | Ultraperformance liquid chromatography-
photodiode array-mass spectrometry (UPLC-PDA-
MS) analysis

Crude extracts were dissolved in methanol (1 mL) and analyzed by
UPLC-MS as follows. In the case of P. luteoviolacea 2tal6 and P. rubra
DSM-6842 extracts, samples were injected onto a Waters UPLC
BEH C18 column (1.7 pm particle size, 2.1 x 100 mm) and in the
case of P. piscicida JCM 20779 extracts were injected onto a Waters
UPLC CSH Phenyl-Hexyl column (1.7 um particle size, 2.1 x 50 mm).
All extracts were separated using a Waters Acquity UPLC system.
The UPLC method used a 25 min linear gradient from 65:25:10
H,0:MeOH:10% (v/v) formic acid to 0:90:10 H,0:MeOH:10% (v/v)
formic acid for P. luteoviolacea 2talé extracts, a 25 minute linear
gradient from 80:10:10 H,0:MeCN:10% (v/v) formic acid to 0:90:10
H,0:MeCN:10% (v/v) formic acid for P.piscicida JCM20779 ex-
tracts, and a 20 min linear gradient from 70:20:10 H,0:MeOH:10%
(v/v) formic acid to 0:90:10 H,0:MeOH:10% (v/v) formic acid for
P. rubra DSM-6842 extracts. Detection was achieved with a photo-
diode array detector monitoring from 200 to 700 nm and a Waters
Acquity single quadrupole mass spectrometer (positive mode scan-
ning between 100 and 2000 m/z units in the case of P. luteoviolacea
2talé extracts, negative ion mode scanning between 250 and 200
m/z units in the case of P. piscicida JCM 20779 extracts, and posi-
tive ion mode scanning between 300 and 450 m/z units in the case
of P. rubra DSM-6842 extracts.). Mass spectra obtained were then
compared to literature values for all known secondary metabolites
of the three organisms (Supporting Information Tables S2 and S3)
by searching the MarinLit database (Royal Society of Chemistry,
2018). Peak areas of differentially produced compounds were in-
tegrated, and comparison was made between biological triplicates
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of cotton-containing cultures and biological triplicates of planktonic
cultures using a paired Student’s t test where a = 0.05 (Supporting
Information Table S4). In the case of the alterochromides, the ratio of
peak areas of brominated alterochromides and their non-brominated
analogues was calculated and compared between cotton-containing
cultures and planktonic cultures. Changes in peak area were deemed
to be significant when p < 0.05.

2.5 | antiSMASH 4.0 analysis

Genome data from P. luteoviolacea 2talé (GenBank accession num-
ber GCA_000495575.1), P. piscicida JCM20779 (GenBank accession
number GCA_000238315.4), and P.rubra DSM-6048 (GenBank
accession number GCA_000238295.3) were obtained from the
National Center for Biotechnology Information (www.ncbi.nlm.
nih.gov). Genomes were analyzed using antiSMASH bacterial ver-
sion 4.0 (Blin etal., 2017). Results are summarized in Supporting
Information Table S1.

3 | RESULTS AND DISCUSSION

To obtain greater access to the encoded secondary metabolites of
marine bacteria such as Pseudoalteromonas luteoviolacea, we sought

2

Extracts from P. luteoviolacea culture supernatants

(C) — No Cotton
— Cotton

. . *%*
*Violacein

**Thiomarinol A

Absorbance between 200-700 nm

to grow bacteria in conditions resembling those in their native habi-
tat by making a simple modification to laboratory culturing condi-
tions. A cotton scaffold in the form of cotton balls was added to the
standard liquid culturing conditions to imitate the macroarchitec-
ture of marine invertebrates such as sponges and corals, upon which
many microbes reside.

Organic extracts of culture supernatants and biomass were then
compared for bacteria grown under standard liquid conditions and
the modified cotton scaffold-liquid conditions. Scanning electron
microscopy was used to determine the presence of bacterial biofilms
on the cotton scaffold, and ultraperformance liquid chromatography
coupled to photodiode array detection with in-line mass spectrom-
etry (UPLC-PDA-MS) was used to determine a metabolite profile for
each microbe under each culture condition. Three strains of marine
bacteria from the genus Pseudoalteromonas were investigated, and
the changing production of their known secondary metabolites was
documented (Supporting Information Tables S2 and S3).

3.1 | Pseudoalteromonas luteoviolacea 2tal6

Pseudoalteromonas luteoviolacea 2talé is a y-proteobacterial iso-
late from a coral specimen, Montastrea anularis, collected in the
Florida Keys (Rypien, Ward, & Azam, 2010). P. luteoviolacea 2talé
is a known producer of several natural products including the bright

FIGURE 2 P.luteoviolacea 2talé
grown in Difco Marine Media 2216 in the
absence (a) and presence (b) of cotton
scaffold. (c): UPLC-PDA chromatograms
of ethyl acetate extracts of cell-

free supernatants of P. luteoviolacea
2talé cultures showing total UV-Vis
absorbance. The peak at 16.1 min has

an m/z of 344.1 (M+H)" confirming

the molecule is violacein. The peak at

15 20
Retention time (Min)

2 19.00 min has an m/z of 641.4 (M+H)*
confirming the molecule is thiomarinol A
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FIGURE 3 Scanning electron microscope (SEM) images of un-
inoculated cotton balls (a) and cotton balls cultured in the presence
of P. luteoviolacea 2talé. In this image, a microcolony of bacterial
cells can be seen adhering to the surface of two cotton fibers

purple-coloured antibiotic, violacein (Yang etal., 2007), and the
thiomarinol family of dithiolopyrrolone antibiotics (Maansson et al.,
2016). Analysis of the P. luteoviolacea 2tal6 genome using bioinfor-
matic prediction tool antiSMASH 4.0 (Blin et al., 2017) identified 13
putative biosynthetic gene clusters (Supporting information Table
S1), indicating that a number of molecules remain to be discovered
from this microbe. In an effort to mimic its native environment, and
in the process potentially activate silent natural product biosynthetic
gene clusters, we cultivated P. luteoviolacea 2talé in standard liquid
media in the presence and absence of a cotton scaffold. The pheno-
typic difference between the two cultivations is readily discernible.
As seen in Figure 2, when P. luteoviolacea is grown in liquid media
without cotton, it displays a non-pigmented phenotype and the
bacterial population appears to be entirely planktonic. By contrast,
bacteria associated with the cotton in scaffold-containing cultures
demonstrate an intense purple pigmentation and show a mucoid

phenotype that is indicative of biofilm formation. SEM images of
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cotton fibers from this culture show structures consistent with bio-
film formation, with clusters of cells forming visible microcolonies on
the surface of the fibers (Figure 3 and Supporting information Figure
S1). Coverage of cotton fibers was consistent throughout multiple
portions of the cotton, with no apparent differences in adherence
between the areas of the cotton that were imaged. No obvious mor-
phological differences could be observed between cultures that
were grown for 24 h and those grown for 96 h. These images are
consistent with the initial phenotypic observations that P. luteoviola-
cea 2talé6 forms a biofilm on the surface of the cotton fibers within
24 hr post-inoculation.

UPLC-PDA-MS analysis of the cell-free supernatant, plank-
tonic biomass, and cotton-associated biomass shows distinct
differences in the metabolite profiles of P. luteoviolacea grown in
the two culturing conditions. A peak with mass and UV-Vis pro-
file matching that of violacein appears in significant quantity in
the cell-free supernatant of the cotton scaffold culture (p-value
of 0.014) but was undetectable in the supernatant of the non-
cotton-containing culture as seen in Figure 2. Violacein was also
detectable in the planktonic biomass of both cultures but was
present in greater quantity in the cotton-associated biomass
as seen in Supporting Information Figure S4. As described in
the Introduction, it has previously been reported that violacein
biosynthesis in Pseudoalteromonas is regulated by quorum sens-
ing molecules including acyl-homoserine lactones (Wang et al.,
2008), and there is an-established interdependency of quorum
sensing and epibiotic biofilm formation in marine bacteria (Zhou
et al., 2016). Our SEM images and UPLC-MS data taken together
confirm that the presence of the cotton is facilitating biofilm
formation and violacein biosynthesis. These findings support
work by Yang and coworkers who observed that cultures of an
unidentified strain of P. luteoviolacea produced violacein when
grown in a stationary manner in which biofilm formation was pos-
sible. Contrastingly, cultures grown with agitation, which would
inhibit biofilm formation and the associated quorum sensing,
did not make violacein. (Yang et al., 2007). The potent dithiol-
opyrrolone antibiotic thiomarinol A was also readily detected in
the cotton-containing cultures of P. luteoviolacea 2talé and was
undetectable in standard cultures as seen in Figure 2 (p-value
6.0 x 10™*, deemed significant) The thiomarinols are produced by
a number of Pseudoalteromonas strains including P. luteoviolacea
2talé (Maansson et al., 2016; Murphy et al., 2014; Shiozawa et al.,
1993) and although there has been considerable investigation of
their biosynthesis (Dunn, Wever, Economou, Bowers, & Li, 2015;
Qin, Huang, Yu, & Deng, 2013; Zhai et al., 2016), to the best of
our knowledge there have not been reports on the regulation of
this biosynthetic pathway or exploration of thiomarinol chemical
ecology. Using cotton scaffolds to stimulate molecule production
may facilitate examination of these unanswered questions. In our
experiments, we also observed that settlement of P. luteoviolacea
on cotton stimulated the production of a number of other metab-
olites at levels higher than baseline noise. Initial in-line UPLC-MS
analysis of these compounds indicates that they are not known
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secondary metabolites of P.luteoviolacea 2talé. Work is ongo-
ing to isolate and characterize these new natural products. We
believe our results culturing P. luteoviolacea 2talé with a cotton
scaffold establish a simple technique for accessing a greater pro-
portion of the encoded biosynthetic potential of marine bacte-
ria. To demonstrate the utility of the approach, we have applied
the same cotton scaffold culturing condition to several other
Pseudoalteromonas species that are not known to be marine inver-

tebrate epibionts.

3.2 | Pseudoalteromonas piscicida JCM20779

Pseudoalteromonas piscicida JCM20779 is a y-proteobacterium first
isolated from a seawater sample collected during a “red tide” event
off the west coast of Florida (Bein, 1954). P. piscicida JCM 20779
is predicted to encode nine biosynthetic gene clusters based on
antiSMASH 4.0 analysis (Supporting Information Table S1); how-
ever, the only natural products characterized for this strain are the
alterochromide family of lipopeptides (Ross et al., 2015). Another
strain, P. piscicida S2040, was recently reported to produce several

siderophores (pseudochelin and myxochelins) and the anti-cancer

(b)

Extracts from P. piscicida Biomass
@
— Cotton Balls
— Non-Cotton Pellet @

()

BB’

BrA/BrA"

Absorbance at 390 nm

BrB/BrB'

molecule, alteramide A (Sonnenschein etal., 2017). To assess
whether secondary metabolite production by P. piscicida JCM 20779
is affected by adding a solid support, we grew the strain in liquid
media in the presence and absence of a cotton scaffold.

As seen in Figure 4, the addition of cotton balls to liquid cul-
turing conditions results in a phenotypic change to the P. piscicida
JCM 20779. While there is a noticeable orange pigmentation of
cells grown in liquid media, growth with added cotton appears to
stimulate a considerable increase in pigmentation, especially for
cells associated with the cotton. Cells associated with the cotton
scaffold also display a mucoid phenotype on air-exposed surfaces.
Based on these observations, it appears that P. piscicida JCM 20779
is adhering to the cotton and forming a biofilm. SEM images of P. pi-
scicida JCM 20779 can be found in Supporting Information Figure
S2 showing a dense coverage of biofilm on cotton fibers from these
cultures.

Alterochromide-like molecules can be catalogued by viewing ab-
sorbance chromatograms at 390 nm (Ross et al., 2015). Supporting
Information Figure S8 shows UPLC-PDA chromatograms of ethyl
acetate extracts from the cell-free supernatant, and Supporting

Information Figure S9 shows methanol extracts of planktonic cell

FIGURE 4 P piscicida JCM 20779
cultured in Difco Marine Media 2216

in the absence (a) and presence (b) of
cotton scaffold. (c): Overlaid UPLC-PDA
chromatograms showing absorbance at
390 nm for the methanol extract of the
planktonic cell pellet of P. piscicida JCM
20779 grown without cotton and the
methanol extract of biomass associated
with the cotton scaffold for P. piscicida
JCM 20779 grown with cotton. Known
alterochromide variants are indicated.
A = alterochromide A, B = alterochromide

13.0 13.5 14.0

Retention time (Min)

14.5

B, BrA = bromoalterochromide A,
BrB = bromoalterochromide B etc

15.0 15.5 16.0
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Extract of P. rubra Supernatant and Biomass

FIGURE 5 P.rubra DSM-6842
grown in Difco Marine Media 2216

in the absence (a) and presence (b) of
cotton scaffold. (c, d): Partial UPLC-PDA
chromatograms showing absorbance

at 250-600 nm for organic extracts of
P. rubra DSM-6842 grown in the presence
and absence of cotton (c) supernatant
and biomass extracts, and (d) planktonic
and cotton-associated biomass extracts.
The peak at 13.6 min has an m/z of 324.1

Absorbance at 250-600 nm

— No Cotton Supernatant
— Cotton Supernatant
--- No Cotton Cell Pellet
--- Cotton Cell Pellet

Open Access’

HON & |
\ =5 \ : B

Mi biol O o 7 of 10
icrobiologyOpen WI LEYJ—

d
@ Extract of P. rubra Biomass
— No Cotton Pellet
— Cotton Pellet
- =+ Cotton Ball

* Prodigiosin

Absorbance at 250-600 nm

AN

(M+H)*, identifying the compound as 1 2
prodigiosin

pellets of cotton- and non-cotton-containing cultures. These figures
show that while it was possible to extract alterochromides from the
cell-free supernatant of the non-cotton culture, the molecules were
not detected in the cell-free supernatant of the cotton ball cultures.
However, alterochromide molecules are clearly detectable in the
methanol extracts of biomass from both cotton- and non-cotton-
containing cultures as seen in Figure 4. Indicating that while alter-
ochromides are synthesized in both culture conditions, they do not
appear to be secreted from the cells in the cotton treatments.

Although alterochromides are produced under both culture
conditions, the relative amounts of different alterochromides dif-
fer between cotton and non-cotton cultures (Figure 4). In-line mass
spectrometry allows for the identification of eight known alter-
ochromide family members. There is a significant increase in the
ratios of bromoalterochromide A/A’, bromoalterochromide A", and
bromoalterochromide B/B’ in relation to their non-brominated ana-
logues when the microbe is cultured with a cotton scaffold (p values
of 0.024 and 0.028 for the A alterochromides and B alterochromides,
respectively). Changes to the alterochromide profile are very consis-
tent between biological replicates.

In addition to the known alterochromides, there are several
additional molecules detected only in the cotton ball-containing
cultures that strongly absorb light at 390 nm and show a bromine
isotope pattern in their mass spectra. We believe that our new cul-
turing technique allows detection of new alterochromide analogues
in addition to changing the relative ratios of known alterochromide

variants.

Retention time (Min)

3 4 11 12 13 14
Retention time (Min)

3.3 | Pseudoalteromonas rubra DSM-6842

Pseudoalteromonas rubra DSM-6842 was originally isolated from
a seawater sample from the Mediterranean Sea near Nice, France
(Gauthier, 1976). P.rubra strains including P. rubra DSM-6842 are
known producers of several prodigiosin analogues (Fehér et al.,
2008; Gauthier, 1976; Johnson, de Rond, Lindsay, Keasling, &
Sarpong, 2015) and analysis of the P. rubra DSM-6842 genome with
antiSMASH 4.0 identified 11 putative biosynthetic gene clusters
(Supporting Information Table S1). It is important to note that the
prodigiosin gene cluster itself is not detected by antiSMASH 4.0,
demonstrating a limitation of this prediction tool and emphasizing
that the “true” number of encoded secondary metabolites may be
underestimated by these types of analyses.

Following our success modifying and increasing secondary me-
tabolite production by Pseudoalteromonads, we cultivated P. rubra
DSM-6842 in liquid conditions with and without an added cotton
scaffold and analyzed their relative prodiginine production and the
global metabolome. Prodiginines are characteristically red in color
with an absorbance maximum at 535 nm (Gerber & Gauthier, 1979).
Both cultures had visible red pigmentation concentrated in the bio-
mass after centrifugation, clearly indicating prodiginine production
and the isolated cotton balls were light pink. Interestingly, the cotton
cultures developed a golden yellow coloured supernatant (Figure 5);
however, the pigment was not extracted into ethyl acetate, and thus,
further experiments will be required to isolate and characterize the

corresponding molecule.



TIMMERMANS ET AL.

MWI LEY_MicrobiologyOpen

Open Access,

In addition to the phenotypic colour differences between cul-
tures, SEM images show the formation of cellular aggregates of
P. rubra on the surface of cotton fibers (see Supporting Information
Figure S3), and changes in the metabolic profiles were also apparent
when extracts were analyzed by UPLC-PDA-MS. There is a distinct
increase in the absorbance at 535 nm for several peaks in the cotton-
associated biomass extract as seen in Supporting Information Figure
S13, that were linked to known prodigiosin analogues through mass
spectral data (Supporting Information Table S2) (Fehér et al., 2008).
The addition of cotton to the culture caused a limited increase in
the relative abundance of prodigiosin, 4"-(n-heptyl) prodigiosin, and
cycloprodigiosin production.

The cotton scaffold modified not only production of known
prodiginines, but also production of unknown compounds as well.
When looking at the global metabolic changes in the supernatant
extracts, two peaks at 1.15 min and 3.02 min in the non-cotton su-
pernatant appeared to increase in intensity in the cotton culture
supernatant (Figure 5). Additionally, two initially negligible peaks
at 12.27 min and 12.96 min from the planktonic biomass appear to
be produced in higher relative quantities in the cotton-associated
biomass (Figure 5). However, it is worth noting that these apparent
changes in metabolite production in P. rubra were observed in only
two out of three biological replicates, demonstrating more vari-
ability than was seen for the metabolite profiles of P. luteoviolacea
2talé or P. piscicida JCM 20779 (Supporting Information Figure S4)
and affecting statistical analysis (Supporting Information Table S4).
The abundance of a bacterial secondary metabolite is a critical fac-
tor in the ease of its isolation and identification. With the addition
of a cotton scaffold, we display a simple method to upregulate nat-
ural product production and therefore facilitate their isolation and
characterization.

4 | CONCLUSIONS

We have found that addition of a cotton scaffold to standard
marine bacterial growth media is an effective technique to pro-
mote attachment and biofilm formation. This technique may lead
to insights into the chemical ecology of the biofilm mode of life
in marine bacteria. Cotton settlement appears to be associated
with metabolic changes in these Pseudoalteromonads including
increases in the proportion of brominated alterochromides pro-
duced in relation to their non-brominated analogues, increased
production of thiomarinol A, violacein and potentially prodiginine
variants, and the stimulation of synthesis of secondary metabo-
lites not observed for bacteria of the same strain grown in iden-
tical media without cotton. It is particularly noteworthy to see
secondary metabolite changes observed not only for noted biofilm
forming bacterium P. luteoviolacea 2talé, but also P. piscicida JCM
20779 and P. rubra DSM-6842; organisms that were initially found
in their planktonic form and whose biofilms are not described in

the literature. Scanning electron microscopy images show that

these three strains are forming biofilms on the surface of cotton
fibers from our cultures, which is likely the primary driver of the
observed changes in secondary metabolite production. However,
it is worthy to note that at least two strains of Pseudoalteromonas
have been isolated that have cellulase activity (Kim et al., 2009;
Violot et al., 2005). It is unknown whether the three strains used
in this study have any cellulase activity, so further study will be re-
quired to determine whether this activity exists and whether it has
an effect on secondary metabolite production. Further investiga-
tions will focus on elucidating the structure of the unknown me-
tabolites identified in this study and will seek the cause of changes
to the metabolite profiles observed here. The question remains
whether new metabolites are being observed due to modification
to the expression of silent biosynthetic gene clusters or other rea-
sons such as increased cell mass.

Regardless of the mechanism, this method, cotton-supported
culturing, stimulates the production of secondary metabolites not
always produced under conventional liquid media growth condi-
tions. This method presents a simple and effective approach for nat-
ural product discovery that can likely be applied to many bacterial

species.
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