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Summary
Objective(s):


Identification of potentially novel signalling molecules exchanged between marine
picocyanobacteria and co-isolated heterotrophs with an aim to improve culture
efficiency. [Partner 13]



Identification of biotic and abiotic growth factors involved in the growth of
microorganisms, which are intimately associated with invertebrates (marine sponges)
and marine sediments. [Partner 19]

Rationale: WP5 focuses on identifying and investigating cell to cell communication and
interaction pathways in natural marine microbial communities. This WP will also develop
innovative protocols to use these communication systems (signalling molecules, genes) for
improving isolation of the uncultured and improving cultivation efficiency of the cultivated
micro-organisms.
Results: Potentially novel signalling molecules have been identified in marine
Synechococcus whose production is controlled both by the host growth phase and by the
presence of co-cultured marine heterotrophic bacteria. The role of a Type III polyketide
synthase in the production of this molecule has been established.
In order to increase the cultivable biodiversity of bacteria associated with deep-sea
sediments a variety of media were assessed to investigate the effect of specific media
metabolites on the biodiversity obtained. For drug discovery proposes and considering
filamentous actinobacteria as one of the most promising bacterial families harbouring PKS
and NRPS gene clusters, the use of deep-sea sediments (up to 2600 m in depth) and Petri
disks containing glycerol, L-Asn, marine salt and agar (BEN) was the most efficient method
to increase cultivated bacterial biodiversity. Moreover, the addition of humic acids and
vitamins (Group B) to the BEN medium permitted the identification of potentially novel
bacteria from these sediments (i.e. with low homology to other 16S rRNA gene sequences).
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Identification of potentially novel signalling molecules exchanged between marine
picocyanobacteria and co-isolated heterotrophs (Partner 13, UW)
UW has focused on the interaction between Synechococcus and Roseobacter as a case
study to understand the role of “helper bacteria” in the establishment and maintenance of
Synechococcus cultures. An exometabolomic analysis showed that Synechococcus strain
WH7803 produces a molecule in high abundance only when the culture is axenic and
entering stationary phase (prior to entering its death phase) (Fig. 1.1). This metabolite has
been purified and is currently undergoing high resolution NMR analysis to solve the
structure.

Figure 1.1 Production of a metabolite (green circle) by axenic Synechococcus sp. WH7803
cultures, which is absent from the milieu of Synechococcus sp. WH7803-Ruegeria pomeroyi
co-cultures. (Dabrowska, Christie-Oleza, Corre, Scanlan unpublished).
A Synechococcus sp. WH7803 mutant, in a gene encoding a putative chalcone synthase
(type III PKS), was constructed and a preliminary exometabolomic analysis by LCMS
showed no production of the metabolite in the mutant strain compared to an axenic
Synechococcus sp. WH7803 culture (Fig. 1.2). A proposed chemical formula (C19H38NO5S)
and substructure of the metabolite has been obtained by high resolution LCMS and NMR
and the metabolite is currently undergoing further HPLC purification to fully solve the
structure.

Figure 1.2 Production of the metabolite (green circle) by axenic Synechococcus sp.
WH7803 wild type cultures (black line), which is absent from the milieu of Synechococcus

sp. WH7803 PKS mutant (blue line). (Dabrowska, Christie-Oleza, Corre, Scanlan
unpublished data).
It has also been confirmed that the metabolite is present in the supernatant of the culture
only, regardless of the growth phase (Fig. 1.3), and that the production of the metabolite is
high in the stationary phase, peaking on day 45, just before the culture enters death phase
(Fig. 1.4).

Figure 1.3 Presence of the metabolite (red circle) in stationary phase supernatant of axenic
Synechococcus sp. WH7803 culture compared to growth medium (ASW), stationary and
exponential phase pellets of axenic Synechococcus sp. WH7803 cultures and a positive
control (culture extract containing the metabolite). (Dabrowska, Christie-Oleza, Corre,
Scanlan unpublished).

Figure 1.4 Production of the metabolite (right; red arrow) by axenic Synechococcus sp.
WH7803 cultures at different time points after inoculation, compared to growth medium
(ASW) and a positive control, and optical density of the culture (upper left) throughout the
experiment. (Dabrowska, Christie-Oleza, Corre, Scanlan unpublished).
An exometabolomic analysis of other axenic Synechococcus strains (WH7805, WH5701,
WH8102, CC9311) showed that the metabolite is present in the supernatant of
Synechococcus sp. WH7803 cultures only (Fig. 1.5). However, three different unique
compounds were detected in the milieu of Synechococcus sp. WH5701 cultures and will be
studied further by LCMS and NMR.

Figure 1.5 Exometabolomic analysis of Synechococcus spp. CC9311, WH5701, WH7803,
WH7805 and WH8102 showing four compounds (red circles) present in the supernatants of

Synechococcus spp. WH5701 and WH7803, which are absent from the milieu of other
strains. (Dabrowska, Christie-Oleza, Corre, Scanlan unpublished).
UW has also extended the exometabolomic analysis to co-cultures of Synechococcus sp.
WH7803 with a number of different heterotrophs belonging to six major groups (Table 1).
The heterotrophs were chosen based on their prevalence in the marine ecosystem, cooccurrence with Synechococcus spp. and availability of axenic cultures. Cultures were
assessed regularly in terms of phototroph and heterotroph cell numbers, as well as presence
of small, extracellular molecules.
The production of the molecule of interest by Synechococcus sp. WH7803 in general
followed the same pattern as observed for the Synechococcus sp. WH7803 – R. pomeroyi
interaction. The intensities of the peaks representing the compound were lower in cocultures than in axenic controls and the heterotrophs facilitated long term survival of the
phototroph. We observed two exemptions from the rule – when the production of the
molecule did not seem to be affected by the presence of a heterotrophic organism (R. baltica
and V. bacterium; Figure 1.6). In the case of R. baltica, the reason for this was probably very
poor growth of the heterotroph, possibly due to very specific nutrient needs and different salt
and temperature optima of the heterotroph compared to the phototroph. No change in the
production of the metabolite in co-cultures of Synechococcus sp. WH7803 and V. bacterium
compared to axenic control cannot be explained by unusual cell densities and thus the
interaction will be studied further to find the cause of such an effect.
Table 1 Heterotrophic organisms grown in co-cultures with Synechococcus sp. WH7803 for
exometabolomic analysis.
Group

Organisms

Actinobacteria

Salinispora tropica
Aeromicrobium marinum

CFB group

Polaribacter sp.
Algoriphagus machipongonensis
Gramella forsetii
Formosa agariphila

α-proteobacteria (Roseobacter)

Ruegeria pomeroyi
Roseobacter denitrificans
Dinoroseobacter shibae

γ-proteobacteria (Alteromonadales)

Pseudoalteromonas citrea
Alteromonas macleodii
Marinobacter adhaerens
Pseudomonas stutgeri

Planctomycetes

Planctomyces limnophilus
Rhodopirellula baltica

Verrucomicrobia

Verrucomicrobiae bacterium

Verrucomicrobiae & Rhodopirellula, same as
axenic
Only in Salinispora tropica
Only in Roseobacter
denitrificans
Axenic

E. coli lower peaks than axenic
Algoliphagus no peak compared to axenic

Figure 1.6 Comparison of LCMS chromatograms generated for all Synechococcus sp.
WH7803-heterotrophic bacteria (Table 1) co-cultures compared to axenic Synechococcus
sp. WH7803 (green line).
Three unique small molecules were detected in Synechococcus sp. WH7803–S.tropica cocultures (Figure 1.6). Looking at the growth profiles of the phototroph and heterotroph in this
culture, it seems that S. tropica inhibits the growth of Synechococcus sp. WH7803 in
contrast to other Synechococcus sp. W7803 – heterotroph interactions. These three new
compounds could possibly be the cause of this effect and should be studied further.
The production of the compound of interest by Synechococcus sp. WH7803 was also
confirmed in natural seawater (Figure 1.7) – the higher the nutrient concentration, the higher
the cell density and production of the molecule. The decrease of peak intensity in co-cultures
compared to an axenic control was also observed in natural seawater (Figure 1.8), which
suggests that the interactions observed in lab culture-based exometabolome analysis
experiments can also occur in the natural environment.

WH7803 in SW

WH7803 in ASW

Figure 1.7. Presence of the compound produced by axenic Synechococcus sp. WH7803 in
different growth media – natural seawater (SW), seawater with extra nutrients and artificial
seawater (ASW).

Figure 1.8. Decrease in the peak intensity of the molecule produced by axenic
Synechococcus sp. WH7803 in seawater (SW) when grown in a co-culture with R.pomeroyi,
compared to seawater control.

Identification of biotic and abiotic growth factors involved in the growth of
microorganisms, which are intimately associated with marine sediments (PharmaMar,
partner 19)
This Deliverable updated the results up to July 2015.
For partial results, biodiversity obtained per sample and depth and isolation of rare
biodiversity see Deliverables 2.11 Cultivation systems mimicking natural environments;
D.3.3.- Improved conditions for novel groups of marine bacteria and D.5.4.- Assessment of
improved culture efficiency by addition of AHLs and exudates (and other induction elements)
In this Deliverable, we are reporting the effect of each isolation Induction media with respect
to the biodiversity obtained.

Rational
Environmental microorganisms are living intimately associated among themselves
depending on the microenvironment. This is known as a “microbial consortium”. The majority
of these microbes are unable to grow as single individuals which may be due to a lack of key
signaling, cell to cell communication, high adaptability to habitat, including the lack of some
metabolic genes as is the case of marine symbionts.
Several examples of reduced primary metabolism routes have been published from
metagenomic data of strict marine symbionts, several lacking genes related to amino acid
metabolism, sugar transport, glucose and lipid biosynthesis, as well as DNA repair
mechanisms which have been mentioned from bacteria co-evolving with animal cell hosts or
invariable microhabitat.
Improved isolation media enhanced with nutrients, cofactors and alternative carbon sources
must be necessary to isolate members of the intimately associated microbial consortium of
environmental bacteria that are known to exist in the marine ecosystem.

Materials and Methods
In order to increase the cultivated biodiversity of bacteria associated with deep-sea
sediments, we have been complementing our standard isolation conditions with some
biotic/abiotic growth factors which could increase the cultivation of some rare strains.
The abiotic factors used, always under aerobic conditions for all samples have been different
pretreatment of the sediments (fresh, cold and frozen), temperature of incubation (27ºC),
colonies timing of growing on Petri-agar dishes (1 to 4 weeks), different concentrations of
marine salts and SiO2.
The biotic factor studied have been glycerol, L- Asn, L-Tyr, L-Trp, D-gluconate, N-acetylglucosamine, peptone, yeast extract, vitamins group B and nalidix acid and cycloheximide
for limitations of fast-growing bacteria and fungi.
Isolation media:



Standard isolation medium (BEN) composed of glycerol, L.Asn and marine salts.
+/- supplemented with Cycloheximide and nalidixic acid.
Induction_1: BEN complemented with humic acid and vitamins group B






Induction_2: SiO2 + Trace elements + Vitamins + L-Trp + L-Tyr.
Induction_3: : Induction_3 + gluconate and N-acetyl-glucosamine
Induction_4 Ind_3 + SiO2
Induction_5: Peptone, yeast extract and marine salts. No nalidixic acid

The samples for isolation have been sediments collected at different deep-sea depths as
follows: IG4 (-4900m in Canary Islands, IG2 (-500 to -2600m) in Cádiz Gulf and Gibraltar
Strait, MUR (-80 to -400) in Costa Rica and in -1m (Cádiz, during the GA in Sep 2014) as
control of no deep-sea sediments.
Each sample was diluted (g/ml) in sterile artificial sea water and 150µl spread on each Petri
dish. Incubation was for 3 weeks at 27ºC. Colonies are individually picked out and re-spread
in a separate plate to ensure purity. DNA was extracted. PCRs were performed for DNA
fingerprinting and taxonomy.
Isolation media:
Standard & Inductions
Deep-sea
sediments

Isolation plates with growth factors,
nutrients, alternative C,N sources.
(BEN; INDUCTION:_1_2_3_4

DNA fingerprinting
Barcoding

Taxonomy 16S rRNA

Biodiversity Analysis

Figure 2.1. Overall scheme of process of deep-sea bacteria isolation at PharmaMar
Biodiversity obtained (See Deliverable 5.4)
A total of 1.663 deep-sea bacteria have been isolated and characterized by DNA
fingerprinting and 16S rRNA.

44 strains have not amplified in PCR (No ID) with our conditions
1575 strains belonged to Actinobacteria (95%)
36 to Proteobacteria, the rest to Bacteroidetes and Firmicutes.

Table 2.1. Overall results of isolated bacteria, depending on the isolation media.
Phylum
1
(* )

Genera
isolated

ACT
Actinomadura
ACT
Agromyces
ACT
Arthrobacter
ACT
Citricoccus
ACT
Dietzia
ACT
Georgenia
ACT
Glycomyces
ACT
Isoptericola
ACT
Jishengella
ACT
Kitasatospora
ACT
Kocuria
ACT
Micrococcus
ACT
Micromonospora
ACT
Microtetraspora
ACT
Myceligenerans
ACT
Nesterenkonia
ACT
Nocardia
ACT
Nocardioides
ACT
Nocardiopsis
ACT
Nonomuraea
ACT
Plantactinospora
ACT
Polymorphospora
ACT
Promicromonospora
ACT
Pseudonocardia
ACT
Rhodococcus
ACT
Saccharomonospora
ACT
Saccharopolyspora
ACT
Streptomyces
ACT
Streptosporangium
ACT
Verrucosispora
PRO
Acinetobacter
PRO
Alcanivorax
PRO
Brevundimonas
PRO
Defluviimonas
PRO
Erythrobacter
PRO
Halomonas
PRO
Hoeflea
PRO
Marinobacter
PRO
Mesorhizobium
PRO
Nitratireductor
PRO
Paracoccus
PRO
Pseudoalteromonas
PRO
Pseudomonas
PRO
Roseovarius
PRO
Sulfitobacter
FIR
Bacillus
BAC
Zunongwangia
Unclassified – Undefined (*5)
New spp. (<98,5%) (*6)

BEN
4

5 (* )
1
2
1
3
1

Ind_1

Ind_2

3
1

Ind_3

Ind_4
2
(* )

-

Ind_5
n 3
(* )

BEN

2
1

1
1

1
2

1
1

1
1

77
4
2

49
8
1

13
2
12
8
1
1
8

13
1
7

1
31

24
2

1
1

1
3
1
373
5
17

4

1
333

5
5
2

1
1
1
2
4
376
1

2

6

5
1

28
3
4
1
1

1

1
1
1

1
1
1
1
3
1

1

3
1

5

1
1

1
1
1
1
1
3
1

2

10
34

10
45

1
1
3
0

3
25

1
7

1
4
0

4
0

-n

(*1) ACT: Actinobacteria. PRO: Proteobacteria. FIR: Firmicutes. BAC: Bacteroidetes.
(*2) This isolation medium (Ind_2) was used only for IG4 (-4900m).
(*3) -n: Media without nalidixic acid.
(*4) Number of different strains isolated belonging to that genus.
(*5) Unclassified-Undefined: Bad 16S sequences.
(*6) New spp. Possible new species. Sequences with homologies to type species <98,5%

Conclusions
(1) Diluted medium BEN harbouring Glycerol (10g/L), L-Asn and marine salts,
supplemented with cycloheximide and nalidixc acid (0,25 mg/l) is enough to isolate
27 of the 47 identified genera, mainly belonging to actinobacteria, where the 95%
were Streptomyces, the best candidate for drug discovery proposes.
(2) The same medium, without nalidixic acid has been the source of the rare
actinobacteria Nesterenkonia from a sediment collected to -4900m.
(3) Humic acid and B-vitamins added to BEN (Ind-1) has reported the isolation of
Georgenia, Kitasatospora, Defluviimonas and Nitratireductor.
(4) The same medium (Ind_1) has reported the best number of possible new species
based on 16S rRNA gene sequences (<98.5%) homology.
(5) The supplementation of other alternative source of carbon as D-gluconate and Nacetyl-glucosamine (Ind_4) has limited the isolation of Streptomyces in relationship
to Micromonospora.

For drug discovery proposes and considering filamentous actinobacteria as most promising
bacterial type harbouring PKS and NRPS gene clusters, the use of deep-sea sediments (up
to 2600m in depth) and Petri disks containing glycerol, L-Asn, marine salt and agar (BEN)
is an efficient method to increase cultivable bacteria biodiversity.
Addition of humic acid and vitamins Group B to the BEN medium have permitted the
identification of bacteria with low homology to other 16S rRNA gene sequences.

