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Supplementary materials & methods

Strains and growth conditions
Bacterial strains were grown in ½YTSS medium (per L: 20 g Sigma sea salt, 2 g yeast
extract, and 1.25 g tryptone) (Sobecky et al., 1997) (Table 1). For roseobacticide
production, the strains were pre-cultured in 5 mL YTSS in 15 mL tubes and shaken
overnight at 250 rpm and 30 °C. 250 µl of pre-culture was inoculated into 25 mL of YTSS
in a 250 mL Schott flask containing 0.6 µM p-coumaric acid and 1 % ethanol (final
concentration). Cultures were incubated for 3 days at 160 rpm and 30 °C.
The microalgal strains Emiliania huxleyi CCMP1516 and Thalassiosira pseudonana
CCMP1335 were obtained from the Provasoli-Guillard National Center for Marine Algae
and Microbiota (NCMA, Bigelow, ME, USA). Rhodomonas salina was kindly provided by
Thomas Kiorboe (DTU Aqua, Charlottenlund, Denmark). Tetraselmis suecica CCAP 66/4
was obtained from the Culture Collection of Algae and Protozoa (Oban, UK). The algae
were cultured in 250 ml conical flasks with 50 ml f/2 medium prepared with 3 % instant
ocean (3 % io + f/2). Silicate was omitted for the non-heterkont species (3 % io + f/2 - Si).
The cultures were incubated at 18 °C and 40 μmol m-2 s-1 under constant light. Algal
cultures were monitored for bacterial contamination by plating on Marine Agar 2216 (MA,
Difco, USA).

Analysis of roseobacticides
Bacterial cultures were extracted twice with 25 mL of ethyl acetate (Seyedsayamdost,
Case, et al., 2011). Extracts were dried under nitrogen and resuspended in 300 µL
acetonitrile:water (1:1). Ultra-High Performance Liquid Chromatography-High Resolution
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Mass Spectrometry (UHPLC-HRMS) was performed on an Agilent Infinity 1290 UHPLC
system (Agilent Technologies, Santa Clara, CA, USA) equipped with a diode array
detector. Separation was obtained on an Agilent Poroshell 120 phenyl-hexyl column (2.1 ×
250 mm, 2.7 μm) with a linear gradient consisting of water (A) and acetonitrile (B) both
buffered with 20 mM formic acid, starting at 10 % B and increased to 100 % in 15 min
where it was held for 2 min, returned to 10 % in 0.1 min and remaining for 3 min (0.35
mL/min, 60 °C). MS detection was performed in both positive and negative detection on an
Agilent 6545 QTOF MS equipped with Agilent Dual Jet Stream electrospray ion source
with a drying gas temperature of 250 °C, gas flow of 8 L/min, sheath gas temperature of
300 °C and flow of 12 L/min. Mass spectra were recorded at 10, 20 and 40 eV as centroid
data for m/z 85–1700 in MS mode and m/z 30–1700 in MS/MS mode (Kildgaard et al.,
2014). Tributylamine (Sigma-Aldrich) and Hexakis(2,2,3,3tetrafluoropropoxy)phosphazene (Apollo Scientific Ltd., Cheshire, UK) were used as lock
masses.
All extract were analyzed for the presence of TDA and roseobacticides by HPLC-DADHRMS/MS. The identity of TDA was confirmed through accurate mass and by comparison
of retention time, MS/MS and UV-Vis spectra of a commercial reference standard (SigmaAldrich, St. Louis, USA). The identity of the roseobacticides were confirmed by accurate
mass and comparison to reported UV-Vis spectra (Seyedsayamdost, Carr, et al., 2011),
and comparison to reported HRMS/MS spectra (Seyedsayamdost et al., 2014). An
example of the comparison for rosebacticide B can be seen in table S1.
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UHPLC-MS/MS conditions
UHPLC-MS/MS was performed on an Agilent 1290 system using a 100 mm×2.1 mm inner
diameter 1.8 μm, EclipsePlusC18 column (Agilent) held at 40°C and coupled to an Agilent
6490 i-funnel triple quadruple mass spectrometer equipped with the Jet Stream ESI
source. The sample (5 μL injection) was eluted at a flow rate of 0.5 mL/min using a waterMeCN (both containing 20 mM formic acid) gradient starting at 10% MeCN, with a linear
increase to 90% in 12 minutes, maintained for 2 minutes, then back to 10% MeCN in 0.5
min and maintaining this for 2 minutes. Ion source conditions were as follows: gas
temperature 180°C; gas flow 12 L/min; nebulizer 20 psi; sheath gas temperature 280°C
and flow 12 L/min; capillary 3500 V. MS was operated in ESI+ in the dynamic multiple
reaction monitoring (MRM) mode using the [M + H]+ ions as the precursor ions. The
multiplier was raised 150 V from the autotune value, the ion-funnel fragmentor at 380 V,
and all MRM analyses were performed at unit resolution for both quadrupoles. MRM
settings were: Roseobacticide A; RT 6.9 min, precursor m/z 285 and fragments m/z 257
(collision energy, 25 eV), m/z 242 (25 eV), m/z 229 (25 eV), relative intensities 15:100:80
respectively; Roseobacticide B; RT 8.6 min, precursor m/z 285 and fragments m/z 226
(collision energy, 25 eV, 100%), m/z 213 (25 eV, 20%), m/z 194 (25 eV, 100%) relative
intensities 100:200:100 respectively; Tropodithietic acid; RT 4.1 min, precursor m/z 213
and fragments m/z 167 (collision energy, 25 eV, 40%), and m/z 151 (25 eV, 100%),
relative intensities 40:100 respectively.

Phylogenetic analysis
16S rRNA genes were obtained either from NCBI or by PCR amplification and sequencing
(GATC Biotech, Cologne, Germany) (Gram et al., 2010). The nucleotide sequences were
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aligned using MUSCLE (Edgar, 2004), trimmed and neighbor joining and maximum
likelihood phylogenetic trees based on the Jukes-Cantor method were prepared in MEGA7
using the bootstrap test with 1000 replicates (Kumar et al., 2016). Whole genome
sequencing of strains 27-4, 8-1, M23-2.2, M31-2.3a, M2-4.2, M6-4.2 and M8-4.3 was
performed by The Leibniz Institute DSMZ - German Collection of Microorganisms and Cell
Cultures GmbH (Braunschweig, Germany). Analysis of average nucleotide identity was
performed with the genome-sequenced strains using JspeciesWS (Richter et al., 2016).

Genomic comparison
Predicted protein sequences of the Phaeobacter sp. strains 27-4, M6-4.2, 8-1, P. inhibens
DSM 17395 and P. gallaeciensis DSM 26640 were submitted to OrthoVenn for
identification of orthologous protein clusters (Wang et al., 2015). Genetic loci were
compared and visualized using MultiGeneBlast (Medema et al., 2013). CMG biotools were
utilized for the generation of BLAST atlas comparing the protein coding open reading
frames (Vesth et al., 2013). Genomes were analyzed for prophages using PHASTER
(Arndt et al., 2016).

Bioassay
Bioassays with R. salina, T. pseudonana and T. suecica were performed in 6-well plates
containing 5 mL 3 % io + f/2 - Si (3 % io + f/2 for T. pseudonana) per well in triplicates with
a starting concentration of 5 x 104 cells/mL. The bioassay with E. huxleyi was performed in
glass tubes containing 5 mL 3 % io + f/2 - Si per tube in triplicates with a starting
concentration of 5 x 105 cells/mL, since the strains did not reproducibly grow in well plates
and at lower cell numbers. Extracts of DSM 17395 wildtype and tdaB::Tn5 (D’Alvise et al.,

5

2012) and 27-4 wildtype and tdaB::Tn5 (Geng et al., 2008) were prepared as described
above except that the dried crude extracts were resuspended in methanol and added to a
final concentration of 10% (in regard to the bacterial culture) to the microalgal cultures.
The bioassay with E. huxleyi was additionally performed with 1% extract. The same
standardized extracts were used for all setups. Methanol and no addition of extract were
used as controls. Cultures were incubated for 9 days at 18 °C and 40 μmol m-2 s-1 under
constant light and 200 μl was sampled after thorough mixing by pipetting every second day
for cell counting on a BD AcurriTM C6 Flow Cytometer. Statistical analysis was performed
with two-way ANOVA after log-transformation.

Co-cultivation
To reduce any bacterial contamination that might interfere with the co-cultivation
experiment, E. huxleyi was treated with penicillin G sodium and streptomycin sulfate (both
at a final concentration of 10 μg/mL) for 24 hours at 18 °C and ~1 μmol m-2 s-1.
Subsequently, the cultures was diluted 1:100 with fresh medium and cultivated for 7 days.
The bacterial strains (DSM 17395 wildtype and tdaB::Tn5 (D’Alvise et al., 2012), 27-4
wildtype and tdaB::Tn5 (Geng et al., 2008) and Ruegeria mobilis F1926) were pre-cultured
in 5 mL 3 % io + f/2 - Si supplemented with 4.69 mM NH4Cl and 5.5 mM glucose (Zech et
al., 2009) in 50 mL Falcon tubes for 2 days at 250 rpm and 18 °C. Main cultures were
inoculated to an OD600 of 0.01 and incubated for 3 days. Cells were washed twice with
sterile 3 % io + f/2 - Si before addition to the algal cultures at cell concentration of approx.
5 x 106 cells/mL (correlating to an calculated OD600 = 0.0125). Experiments were setup in
duplicates and incubated as described for the bioassays including the algal start
concentrations. Cultures were monitored for 27 days with sampling on day 0, 3, 6, 9, 12,
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15, 18, 21, 24, and 27 for cell counts by flow cytometry except the samples only containing
bacteria that were not sampled on day 24 and 27. Statistical analysis was performed with
two-way ANOVA after log-transformation.
Co-cultures for DSM 17395 and E. huxleyi were upscaled by using the same setup as
described above, but in multiple versions to reach a total volume of 90 mL per extraction
time point. The co-cultures were cultured as above. Samples were taken after 17 and 27
days (early and late stationary phase of the algal culture) and extracted as described
above.
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Supplementary tables

8

Table S1. Chemical analysis of TDA and roseobacticide B in comparison to reference
standard and reported spectra (Seyedsayamdost, Carr, et al., 2011), respectively.
Tropodithietic Acid (TDA), C8H4O3S2

Mass [M+H]+
Error (ppm)
RT

HRMS/MS

λmax
(MeCN/H2O)

Observed Values

Reference Standard

212.9673
0.939110428
7.0
212.9673 (5%),
194.9564 (100),
166.9614 (52),
150.9669 (70),
138.9665 (13),
110.9904 (23), 82.9943
(13)
208, 242, 304, 322,
358, 456

212.9674
0.469555214
7.0
212.9662 (3%),
194.9568 (100),
166.9625 (51),
150.9675 (90),
138.9672 (18),
110.9898 (23), 82.9949
(9)
208, 242, 304, 322,
358, 456

Calculated
Mass
212.9675

Roseobacticide B HRMS/MS
Observed
Mass

Adduct/Fragment lost

Predicted Formula

Predicted
Mass

Error
(ppm)

269.0629

[M+H]+

C16H13O2S

269.0631

0.74

C15H13OS

241.0682

1.24

C14H10OS

226.0447

1.33

C14H13S

213.0732

-0.47

C14H10O

194.0726

2.06

C13H10

166.0777

1.81

241.0679
226.0444
213.0733
194.0722
166.0774

[M-CO+H]

+

[M-CO-CH3+H]
[M-2CO+H]

+

+

[M-CO-SCH3+H]

+

[M-2CO-SCH3+H]

+

Roseobacticide B UV-Vis
Observed λmax (MeCN/H2O)
232 (shoulder)
260
321
430

Literature λmax (solvent not reported)*
262
316
430

*(Seyedsayamdost, Carr, et al., 2011)
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Figure S1. Combined extracted ion chromatograms (EICs) of the proton adducts of
roseobacticide B of selected bacterial extracts analyzed for roseobacticide production in
this study.
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Figure S2. Neighbor joining tree of TdaE protein sequences of Roseobacter strains tested
for roseobacticide production using the bootstrap test with 1000 replicates after MUSCLE
alignment (Edgar, 2004; Kumar et al., 2016). TdaE orthologs of the EGGNOG group
ENOG4108NZU were used as outgroups (Huerta-Cepas et al., 2016).
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Figure S3. Analysis of the protein orthologs of the roseobacticide non-producer 27-4 (red)
and four closely related producer strains M6-4.2, 8-1, DSM 17395 and DSM 26640 (green)
with OrthoVenn (Wang et al., 2015).a unique proteins of roseobacticide producer strains
M6-4.2, 8-1, DSM 17395 and DSM 26640 (see Table 2A for more details); b unique
proteins of roseobacticide non-producer 27-4 (see Table 2B and Figure S5 for more
details).
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Figure S4. Genetic loci in DSM 17395 representing genes unique to the roseobacticide
producers (green) and genes essential for the production of roseobacticides (pink) (Wang
et al., 2016). The full locus tag starts with PGA1_ (e.g. PGA1_RS04830). Unnamed genes
represent hypothetical proteins.
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Figure S5. Gene cluster comparison of insertion site of transposable element unique to
27-4 (3 copies) in 27-4, M6-4.2, 8-1, DSM 17395 and DSM 26640 using MultiGeneBlast
(Medema et al., 2013). Same coloring indicate homologous genes. The gene interrupted
by the insertion in 27-4 is marked in bold and the locus tag is given. For functional
descriptions of genes on transposable element, see Figure S4.
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Figure S6. Representatives of gene cluster analysis of transposable element unique to 274 against the MultiGeneBlast database with all entries from GenBank (status 12/2015)
(Medema et al., 2013).
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Figure S7. Combined extracted ion chromatograms (EICs) of the proton adducts of
roseobacticides A-K and TDA, of bacterial extracts of DSM 17395 wildtype (black) and
tdaB::Tn5 (blue) and 27-4 wildtype (green) and tdaB::Tn5 (red) used in algal bioassay.
Due to the low relative abundance of the roseobacticides they are obscured by co-eluting
compounds in the base peak chromatogram. The letters represent roseobacticides A-K.
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Figure S8. Bioactivity of Phaeobacter extracts against the microalgae Emiliania huxleyi at
a final concentration of 10%. ●: no addition, ◌: methanol, ♦: DSM 17395 wildtype, ◊: DSM
17395 tdaB::Tn5, ■: 27-4 wildtype, □: 27-4 tdaB::Tn5. Points are means of three replicates
and error bars are standard deviations of the mean.
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