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Supplementary Methods  

Bioinformatic analyses 

Sequence alignments between genome and metagenome sequences were performed using Bl2seq 

(BLASTn, E-value 1e-5) (Camacho et al., 2009). Sequence data and the BLAST comparison files were 

drawn with the R package genoPlotR (Guy et al., 2010) version 0.8.4 and edited in Inkscape version 

0.91. BLAST results were automatically edited, so that short hits contained in longer hits and hits with 

a bitscore below 100 were removed.   

For the estimation of the in situ abundance of the Formosa strains A and B during algal spring blooms 

quality filtered reads from 44 metagenomes (Supplementary Table S5) were mapped on the respective 

genomes. Reads were quality filtered and adapters trimmed using bbduk.sh (v. bbmap-35.14) from the 

BBtools package (Bushnell, 2016) (https://sourceforge.net/projects/bbmap/) with the following 

settings: ktrim=r, k=28, mink=12, hdist=1, tbo=t, tpe=t, qtrim=rl, trimq=20, minlength=100. Reads were 

then mapped on the genomes using bbmap.sh (BBtools package) with the following settings, using a 

nucleotide identity threshold of ≥95%: minid=0.95, idfilter=0.95. Sequence alignment map files (SAM) 

were further processed to binary format (BAM) using samtools (v. 1.2) (Li et al., 2009). Unmapped (-F 

4) and low quality mapped reads (-q <10), and reads that were detected as PCR duplicates 

(VALIDATION_STRINGENCY=LENIENT) using picard tools (v. 1.119) 

(http://broadinstitute.github.io/picard/) were removed. The number of mapped reads and coverage 

information was subsequently calculated using pileup.sh (BBtools package). For detection of closely 

related Formosa species in 4 representative metagenomes (2009/04/07, 2010/04/30, 2011/05/16, 

2012/05/03), reads were mapped to the Formosa strain B genome using bbmap.sh with nucleotide 

identity threshold of ≥70% (settings: minid=0.76, idfilter=0.70). Mapped reads were directly extracted 

from SAM files and are shown as the fraction of reads mapped to the Formosa B genome compared to 

the total number reads from the metagenome [%]. 

The amino acid sequence of the catalytic domains from putative glycoside hydrolases of family GH16 

from Formosa sp. Hel1_33_131 were blasted (BlastP) against all characterized GH16 enzymes from the 

CAZy database. Hits with an identity of ≥25% and a query coverage of ≥80% were selected for a 

MUSCLE alignment (Edgar, 2004). Afterwards, the alignment was used to construct a maximum 

likelihood tree using bootstrap values. Phylogenetic and molecular evolutionary analyses were 

conducted using MEGA version 6 (Tamura et al., 2013). 
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Determination of laminarin uptake 

For the determination of laminarin uptake by Formosa B, cells were grown in HaHa medium (Hahnke 

et al., 2015) with laminarin (2 g L-1)  and harvested during exponential growth. The cells were then 

inoculated (1:10) in minimal medium and 35 µmol fluorescently labelled (FLA) laminarin was added 

(Arnosti, 2003). The cells were sampled for visualization before the inoculation and after 5, 10 and 30 

min. Cells were fixed using formaldehyde (1%) for 1 h at room temperature and subsequently filtered 

onto polycarbonate (0.2 µm pore size) filters. The cells were counterstained using DAPI and visualized 

using super-resolution structured illumination microscopy (SR-SIM) as described in detail by Reintjes 

et al. (Reintjes et al., 2017).  

Subproteome fractionation  

To extract the soluble intracellular proteome and the enriched membrane-associated proteome, cell 

pellets of Formosa strain B were resuspended in TE buffer (10 mM Tris-HCl pH 7.5, 10 mM EDTA pH 

8.0) with Roche ‘cOmplete Protease Inhibitor’. Cells were disrupted by sonication (3 x 30 s) and cell 

debris was removed by centrifugation (8.000 x g, 4 °C, 10 min). Soluble intracellular proteins and 

membrane-associated proteins were separated via ultracentrifugation (100.000 x g, 4 °C, 60 min). 

Purification of the membrane-bound proteome was performed as described by Kabisch et al. (2014). 

To enrich the soluble extracellular proteome, the culture supernatants were precipitated with 10% 

TCA (trichloroacetic acid) overnight at 4 °C (Antelmann et al., 2001), and precipitated proteins were 

extracted by centrifugation (9.500 x g, 4 °C, 60 min) and washed with ice-cold ethanol (99.9%) before 

dissolving them in 8 M urea/2 M thiourea.  

From each subproteome fraction and triplicate, 25 µg of protein were loaded on a 10% 1D-SDS-

polyacrylamide gel and separated according to their molecular weight for 75 min at 150 V. After fixing 

with ethyl acetate and Coomassie G-250 staining (Candiano et al., 2004), the proteins were in-gel 

digested for 16 h using trypsin as described by Heinz et al. (2012). Peptides were eluted in an ultrasonic 

bath for 15 min and subsequently desalted using ZipTip columns (Millipore, Billerica, MA, USA) 

according to the manufacturer’s guidelines. 

Cloning procedures  

The gene encoding the putative laminarinase FbGH17A (locus tag FORMB_24720) was amplified from 

genomic DNA of Formosa sp. Hel1_33_131 (GenBank accession number GenBank: CP017260.1) 

(Hahnke et al., 2015). The following primers were designed to amplify the coding regions without the 

signal peptide-encoding sequences using Gibson assembly (Gibson et al., 2009): 
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FbGH17Aforward: CAGCGGCCTGGTGCCGCGCGGCAGCCATAAAAATAAGCAATCAAATACG, 

FbGH17Areverse: CTCAGTGGTGGTGGTGGTGGTGCTCGAGTTAATGGTTCTTTGTGATTTC. 

They include ~30 bp overhangs complementary with the pET28a+ vector, for Gibson assembly (Gibson 

et al., 2009), which results in an N-terminal hexahistidine tag in the recombinant protein. The PCR 

followed standard PCR amplification protocols and the Gibson cloning kit (NEB) was used according to 

the manufacturer’s instructions. Colonies of positive clones were identified by colony PCR using T7. 

The vector from a positive clone was purified from 2 mL Luria-Bertani (LB) broth cultures using the 

QIAprep Spin Miniprep kit (Qiagen). For protein expression, the vector was used to transform 

Escherichia coli BL21 (DE3) (NEB). The FaGH17B gene (locus tag FORMB_24740) was synthesized and 

cloned into a pET28a+ vector by the company GenScript. Unlike the two other proteins, the vector was 

transformed in E. coli Rosetta (DE3) (Merck-Millipore). The cells were stored at -80 °C until further use.  

Enzyme overexpression, refolding and purification 

Protein expression was conducted in ZYP autoinduction medium (Studier, 2005), which was inoculated 

with an overnight preculture at 37 °C in LB medium supplemented with 100 µg mL-1 kanamycin. 

Cultures were grown for 3 days at 20 °C in ZYP medium with 100 µg mL-1 kanamycin, with rotation at 

150 rpm. Cells were harvested by centrifugation at 4,500 x g for 25 min at 4 °C, and the pellet was 

stored at -20 °C until further use. After thawing, the cells were suspended in 15 mL sucrose solution 

(20 mM Tris-HCl, 25% [w/v] sucrose). 30 mg of lysozyme was added and the cells were incubated for 

10 min at room temperature and constant stirring. Afterwards 30 mL of deoxycholate solution (20 mM 

Tris-HCl pH 7.5, 1% [w/v] deoxycholate, 100 mM NaCl, 1% Triton X-100) and 0.2 mL of 1 M MgSO4 were 

added. The highly viscous solution was liquefied by adding 10 mg of DNase (Sigma) at room 

temperature. The resulting lysate was centrifuged at 16,000 x g for 45 min at 4 °C. 

The supernatant of FbGH17A and FbGH30 was loaded onto a 5-mL HiTrap IMAC HP column (GE 

Healthcare), which was charged with one column volume (CV) of 500 mM NiSO4 and equilibrated with 

5 CVs of IMAC buffer A (20 mM Tris-HCl pH 8, 500 mM NaCl, 20 mM imidazole). After sample injection, 

the column was washed with IMAC buffer A (15 CVs), and the protein was eluted with 5 CVs of a linear 

gradient from IMAC buffer A to IMAC buffer B (20 mM Tris-HCl pH 8, 500 mM NaCl, 500 mM imidazole), 

at a flow rate of 5 mL min-1, at 20 °C. The 1-mL fractions were analyzed by SDS-PAGE. Fractions 

corresponding to a band at the expected size were pooled and concentrated in an ultrafiltration stirred 

cell (Amicon, Merck-Millipore), on a polyether-sulfone membrane with a 10-kDa cutoff value (Merck-

Millipore). An aliquot of 1 to 2 mL was loaded onto a 120-mL HiPrep 16/60 Sephacryl S-200 HR column 

that had been equilibrated previously with 3 CVs of SEC buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl) 

at 20 °C. The protein was eluted with 1 CV of SEC buffer, and the fractions were analyzed by SDS-PAGE. 

Fractions with a single band at the expected size and at an elution time corresponding to monomeric 



5 
 

or dimeric protein were combined and concentrated. The concentration and hydrodynamic radius 

were determined using a BioSpectrometer (Eppendorf) and dynamic light scattering (DLS). 

Since FbGH17B was expressed insoluble, it had to be refolded in vitro (adapted from Qi et al. (2015)). 

After bacterial cell lysis, the resulting pellet contained the denatured protein. The pellet was 

resuspended in 30 mL washing buffer (20 mM Tris-HCl pH 8, 300 mM NaCl, 1 mM EDTA, 1%  [v/v] Triton 

X-100, 1 M Urea), followed by centrifugation at 16,000 x g for 15 min and 4 °C. This washing step was 

repeated three times. The pellet was resuspended in 10 ml refolding buffer (20 mM Tris-HCl pH 8, 1 M 

Urea) and stored overnight at -20 °C. After thawing, the solution was centrifuged as described before. 

To remove the urea, the solution was dialyzed overnight against 1 L SEC buffer and using a Spectra/Por 

1 dialysis membrane with a 6-8 kDa cutoff (Spectrum Labs). The reservoir was kept at 4 °C and stirred 

permanently. To remove the precipitate resulting from the dialysis, the protein solution was 

centrifuged again. Afterwards, it was ready to be purified via IMAC in the same way as the other 

proteins. The 1-mL fractions were analyzed by SDS-PAGE but in contrast to the other proteins, they 

were pure enough to omit the SEC purification. Fractions corresponding to a band at the expected size 

were pooled and concentrated. In order to remove the imidazole, the protein was additionally applied 

on a 5-mL HiTtrap desalting column (GE Healthcare). The procedure was executed according to the 

manufacturer’s instructions and the column was equilibrated with SEC buffer. 

Hydrolysis of laminarin 

Laminarin from Laminaria digitata (0.1% [w/v]; Sigma) was hydrolyzed over the course of 60 min at 37 

°C with 100 nM purified enzyme (~5 µg mL-1 of FbGH30, FbGH17A, or FbGH17B) in 50 mM MOPS buffer 

at pH 7. Aliquots of 100 µL were taken at 0 s, 5 min, 10 min, 20 min, 40 min and 60 min. Each reaction 

was stopped by boiling the sample for 5 min at 100 °C. 

Debranching and purification of laminarin 

Laminarin was debranched with FbGH30. 100 mg laminarin was hydrolyzed overnight under the 

conditions mentioned above. The reaction was stopped by boiling the sample for 5 min at 100 °C. 

Precipitated protein was removed by filtration through 0.2 µm Costar Spin-X Filters (Corning). 

Afterwards, the debranched high molecular laminarin was separated from glucose by size exclusion 

chromatography using a HiTrap Desalting column (GE Healthcare) according to the manufacturer’s 

instructions. The column was equilibrated and the sample was eluted with Milli-Q water. The water 

was evaporated overnight in a vacuum concentrator at 45 °C and constant rotation (Eppendorf). 
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Michaelis-Menten-Kinetics 

The kinetic parameters of the investigated enzymes acting on native and debranched laminarin from 

L. digitata (Sigma) were determined using 100 nmol of the enzyme in a reaction mixture of 600 µL over 

10 min at 37 °C and in MOPS buffer at pH 7. Seven different laminarin concentrations were measured 

in triplicates: 0% (w/v), 0.05%, 0.1%, 0.2%, 0.4%, 0.8%, 1.6%. 100 µL aliquots were taken every 2 min 

and the reaction was stopped by boiling the sample for 5 min at 100 °C. The amount of released 

reducing ends was measured by the PAHBAH reducing sugar assay (Moretti and Thorson, 2008). One 

mL of a freshly prepared 9:1 mixture of reagent A (0.3 M 4-hydroxybenzhydrazide, 0.6 M HCl) and 

reagent B (48 mM trisodium citrate, 10 mM CaCl2, 0.5 M NaOH) was added to each aliquot and the 

mixture was heated for 5 min at 100 °C. Absorbance was determined at 410 nm using a 

BioSpectrometer (Eppendorf). 

High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-

PAD) 

An HPAEC-PAD system was applied for qualitative product analysis. An ICS-5000+ (Dionex) with 

electrochemical detection on the gold working electrode and a pH reference electrode (Ag/AgCl) was 

used. The detector wave form was: E1=100 mV (T=0.4 s), E2=-2000 mV (T=0.42 s), E3=600 mV (T=0.43 

s) and E4=-100 mV (T=0.5 s). A 25 µL sample loop was used on a Dionex CarboPac PA100 analytical 

column (2×250 mm) coupled with a Dionex CarboPac PA100 guard column (2×50mm). 

Chromatography and detection were conducted at 25 °C. A mixed sugar standard solution consisting 

of 1 µg mL-1 Glucose (Sigma), laminaribiose, laminaritriose, laminaritetraose, laminaripentaose and 

laminarihexaose (all from Megazyme) was used as reference. Eluent 1 consisted of 0.15 M NaOH (HPLC 

grade, VWR) and eluent 2 of 0.15 M NaOH and 1 M sodium acetate (HPLC grade, Sigma). All eluents 

were dissolved in Milli-Q water, degassed with helium for at least 10 min and kept pressurized after 

connecting the bottles to the system. Eluent 2 was filtered through a 0.2 µm nylon filter membrane. 

Separation was achieved by a linear gradient course of two mobile eluents (from 100% eluent 1 to 50% 

eluent 1 and 50% eluent 2) over a duration of 19.5 min, followed by an increase of the eluent 2 

concentration to 70% within 6 s and a linear gradient to 100% eluent 2 over 114 s immediately 

afterwards. Finally, the concentration of eluent 1 was increased back to 100% over 30 s. The entire 

sequence was conducted at a flow rate of 0.25 mL/min. The column was equilibrated with eluent 1 for 

3 min between each sample.  
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Phylogenetic analysis 

All available Formosa-related 16S rRNA sequences from SILVA SSURef v.128 database (Quast et al., 

2013) were loaded into ARB v.6.1 (Ludwig et al., 2004) and consistently aligned using SILVA Incremental 

Aligner (SINA) (Pruesse et al., 2012). Phylogenetic tree reconstructions were done with the ARB 

internal programs (i) for maximum likelihood method RAxML v.8 (Stamatakis, 2014) using the 

‘GTRGAMMA’ substitution model and ‘thorough tree search’ option activated, (ii) the ARB neighbor 

joining program using the Jukes-Cantor correction and (iii) the ‘ARB_PARSIMONY’ maximum parsimony 

method for global and local optimizations. All treeing algorithms were run on sequences filtered with 

and without a 30% and 50% positional conservation filter for all Flavobacteriia. A consensus tree was 

built from these trees following the recommendation by Peplies et al. (Peplies et al., 2008). Therefore, 

bootstrap values cannot be given, and branches indicating ≤1% distance should be regarded as 

uncertain. 

 

Supplementary Results  

Metaproteomic identification of Formosa-specific enzymes and transporters during microalgal blooms 

For the metaproteome analysis, we generated combined in silico databases of all potential peptides 

using the recorded metagenome data from the spring blooms in 2009 (Teeling et al., 2012) and 2010 

(Teeling et al., 2016), respectively, as well as the predicted protein sequences of the Formosa A (Hel3-

A1_48) and B (Hel1_33_131) genomes. The combined search of the measured peptide spectra from 

the spring bloom samples taken on April 7th 2009 against this database yielded several marker proteins 

of Formosa B’s PUL 1, including the glycoside hydrolase GH3 (FORMB_10040), a PKD domain protein 

(FORMB_10070), the TBDR protein (FORMB_10080), and the SusD-like protein (FORMB_10090) 

(Figure 2B and Supplementary Table S5A). In addition, we detected the PUL 2-encoded Formosa B 

proteins glycoside hydrolase GH2 (FORMB_24670), two putative GH16 (FORMB_24680, 

FORMB_24690), a GH30 (FORMB_24730), a PKD domain protein (FORMB_24700), a hypothetical 

protein (FORMB_24710), and the MFS transporter protein (FORMB_24740). Furthermore, also the 

TBDR protein (FORMB_13580) of Formosa B’s PUL 3 could be identified in the environmental samples 

(Figure 5B and Supplementary Table S8A). Altogether, this analysis provided evidence that a significant 

proportion of Formosa strain B’s putative laminarin PUL-encoded proteins were expressed in situ 

during the spring bloom in 2009. Furthermore, the metaproteome analysis also revealed the three 

Formosa B marker proteins of PUL 1, FORMB_10060, FORMB_10080, and FORMB_10090, in the 

environmental samples of 2010 (Supplementary Table 8B). 
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Additional Formosa B proteins that were detected in the environmental metaproteome samples of 

2009 are involved in the central catabolism of the laminarin-specific monosaccharide glucose (Figure 

5B and Supplementary Table S8A). Nearly all glycolysis-related enzymes were detected. This includes 

glucose-6-phosphate isomerase (EC 5.3.1.9, FORMB_15410), fructose-bisphosphate aldolase (EC 

4.1.2.13, FORMB_06360), triosephosphate isomerase (EC 5.3.1.1, FORMB_18610), glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, EC 1.2.1.12, FORMB_25050; NAD-dependent GAPDH, EC 1.2.1.12, 

FORMB_22380), 2,3-bisphosphoglycerate-independent phosphoglycerate mutase (EC 5.4.2.11, 

FORMB_06010), and pyruvate kinase (EC 2.7.1.40, FORMB_11840). In addition, the pyruvate 

dehydrogenase E1 component beta subunit (EC 1.2.4.1, FORMB_09930), the anaplerotic enzyme 

phosphoenolpyruvate (PEP) carboxylase (EC 4.1.1.31, FORMB_11960) and a putative glycogen 

synthase (EC 2.4.1.21, FORMB_13890) of Formosa B could be identified in the metaproteome samples 

of the spring bloom 2009 (Figure 5B and Supplementary Table S8A). These data demonstrate that the 

Formosa B strain substantially contributed to laminarin degradation and turnover during a diatom-

driven phytoplankton bloom. 

Furthermore, we identified glycolytic marker proteins of Formosa strain A in the metaproteome 

samples (Supplementary Table S8AB). These include, for example, the fructose-bisphosphate aldolase 

class II (EC 4.1.2.13, FORMA_07040), and the pyruvate dehydrogenase E1 component beta subunit (EC 

1.2.4.1, FORMA_09500), during the spring bloom 2009, and the glyceraldehyde-3-phosphate 

dehydrogenase (EC 1.2.1.12, FORMA_16240) in 2010 environmental samples.  

Laminarin-induced proteins of Formosa B  

With laminarin as growth substrate, the TonB-dependent-receptor protein FORMB_10090 belonged 

to the most strongly induced proteins within the laminarin PULs (Figure 1C). Moreover, this TBDR 

protein was one of the most abundant proteins of the entire membrane-enriched proteome in this 

study (0.8% riBAQ; Supplementary Table S2A) and was also particularly abundant in the 

bacterioplankton metaproteome during the spring bloom in April 2009 (Figure 5B and Supplementary 

Table S8A). Furthermore, the TBDR protein FORMB_10090 was likewise identified together with the 

PUL 1 - specific proteins FORMB_10080 (SusD-like protein) and FORMB_10060 (PKD domain protein) 

in the metaproteome of the spring bloom in May 2010 (Figure 5B and Supplementary Table S8B). This 

highlights the importance of this polysaccharide uptake protein in glycan utilization. In the control 

experiments with glucose or peptone, this receptor protein (FORMB_10090) was also detectable, 

albeit at significantly lower levels. Such a weak constitutive expression pattern was also observed for 

other PUL-encoded proteins and might be explained by a sensory function of these proteins 

(Hehemann et al., 2012, Kabisch et al., 2014, Thomas et al., 2013). The constitutive, low basal 
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expression of selected proteins, which are involved in initial polysaccharide degradation and uptake 

steps, would allow bacteria to scan their environment for potential substrates without having to 

maintain the entire machinery for polysaccharide turnover.   

A phylogenetic analysis of 9 putative laminarinases of Formosa B indicated a clear affiliation to the 

GH16 family for three of the enzymes (Supplementary Figure S9). Two of the respective genes are 

located in the laminarin-inducible PULs 1 and 2 (Figure 1C). The laminarin-induced protein machinery 

of Formosa B includes additional proteins, which are not organized in PULs, such as the putative 

laminarinase (FORMB_24690) of the GH16 family (Supplementary Figure S9A and Supplementary 

Table S3). This enzyme belonged to the most highly expressed proteins in the proteome during growth 

with laminarin but was not detectable with glucose or in the control culture (Supplementary Figure 

S9B). We furthermore detected a GH5 protein (FORMB_08760), which is encoded in an operon with 

three other proteins, all of which were also upregulated in the presence of laminarin (Supplementary 

Table S3). A putative polysaccharide deacetylase (FORMB_02440), which possesses a NodB-like 

domain of the carbohydrate esterase family 4 (CE4), was also found to be induced by laminarin 

(Supplementary Table S3). The second domain of this multi-modular enzyme seems to be a glycoside 

hydrolase of the GHL13 family. Elevated protein abundance under laminarin conditions was also 

observed for an ABC-transporter protein (FORMB_12400), which is encoded in an operon with a 

putative aspartate-semialdehyde dehydrogenase. It is interesting to note that the glycolytic enzymes 

glyceraldehyde-3-phosphate dehydrogenase (FORMB_25050) and the pyruvate kinase 

(FORMB_11840) were also found to be induced in Formosa B cultures with laminarin, which indicates 

an upregulation of this part of the glycolytic pathway under laminarin conditions. Furthermore, the 

increased level of the phosphoenolpyruvate carboxylase (FORMB_11960) during the growth on 

laminarin could ensure the replenishment of oxaloacetate in the citric acid cycle to support the 

metabolic flux through this pathway and to thus boost anabolic and energy generation processes.   

Beside the PUL-encoded TBDRs we identified FORMB_05090 as an additional laminarin-induced TBDR 

protein (Supplementary Figure S10 and Supplementary Table S3). We detected further TBDR proteins, 

the expression of which was upregulated by both laminarin and glucose (Supplementary Figure S10). 

This includes FORMB_02790 und FORMB_02850, which are located in an operon with two hypothetical 

proteins in a proposed mannan PUL (Supplementary Figure S3). The glucose and laminarin-induced 

TBDR protein FORMB_07380 is located in an operon with a SusD-like protein of unknown function. The 

gene encoding the upregulated TBDR protein FORMB_15500 is located in an operon with a gene 

encoding a hypothetical membrane protein, which contains a putative galactose-binding domain. 

These TBDRs were also detected in the metaproteome samples of the spring bloom in 2009. It is 

interesting to note that the gene of the highly abundant TBDR protein FORMB_15420, which could 

also be identified in the metaproteome samples (Figure 5B), clusters genomically together with the 
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gene of the glucose-6-phosphate isomerase (FORMB_15410) and a hypothetical protein of unknown 

function.  

Subproteome analyses 

The bioinformatic prediction of the putative cellular localization of laminarin-induced proteins of 

Formosa B as suggested in Figure 6 was based on the strategy proposed by Romine (Romine, 2011) 

(Supplementary Table S3). The computational analysis of specific domains and putative protein sorting 

signals was combined with the subproteome analyses of the enriched soluble intracellular, membrane-

associated and extracellular protein fractions to improve confidence in our protein location 

predictions. A PorSS signal sequence of the novel type IX protein secretion system (Sato et al., 2010) 

was predicted for the laminarinase GH16 (FORMB_11070) as well as for a number of hypothetical 

proteins, suggesting an extracellular localization of these enzymes (see Supplementary Table S3). 

These analyses also suggested a surface-tethered localization of the laminarinase GH16 

FORMB_10050, the hypothetical protein FORMB_24710, the GHs FORMB_13600 and FORMB_24680 

or the PKD-domain proteins of the laminarin specific PULs. The multi-modular MFS-GH17 fusion 

protein FORMB_24740 with 12 membrane-spanning domains was enriched in the membrane 

proteome fraction.  

Our subproteome enrichment procedure does not provide an exclusive separation of intracellular, 

membrane-associated and secreted proteins from each other, but, as an enrichment, gives indications 

on the actual protein localization. The proposed model of the laminarin utilization machinery in 

Formosa B illustrated in Figure 6 is, therefore, a working model and requires further in-depth analyses 

in the future to prove specific protein interactions and their subcellular organization. 

Structural analysis of GH17A 

In order to examine the molecular basis of substrate specificity the X-ray crystal structure of GH17A 

was solved to a resolution of 2.6Å by molecular replacement using a GH17 from the fungus Rhizomucor 

miehei (Qin et al., 2015). The structure was modelled without gaps from residues 38 to 430, the C-

terminus (Supplementary Table S9). Within the crystal lattice, the protein is found as a dimer of trimers 

where a C-terminal loop blocks the active site of the adjacent monomer (Supplementary Figure S11). 

The structure consists of a modified (α/β)8 fold whereas other characterized members of GH17 are 

smaller and unmodified (Varghese et al., 1994). Compared to the monomeric GH17 structures, 

FbGH17A has significant insertions and is larger (Figure 2F). The closest structurally characterized GH17 

homolog from R. miehei (Qin et al., 2015) shares an overall Cα RMSD of 1.85 Å and a structurally aligned 

sequence identity of 23%. The insertions of FbGH17A are found in two main places. First, the loop β3-
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α3 is longer and is found adjacent to the active site. Second, the helix α6 is extended and the C-terminal 

loop wraps around this extension to reach into the adjacent active site (Figure 2F). The latter insertions 

appear to be involved in oligomerization as opposed to catalysis as they are far away from the active 

site.  

  

The Supplementary Tables S1 – S8 are available as separate Excel files. Legends are given below: 

 

Supplementary Table S1. Summary of the phylogeny-guided CAZyme annotations for Formosa strain 

A and B in comparison to the macro algae-associated strain Formosa agariphila KMM 3901T. 

 

Supplementary Table S2. Overview of Formosa B subproteome analyses performed in this study 

during growth on laminarin, glucose and chitin. (A) Enriched membrane proteome, (B) enriched 

intracellular proteome, and (C) enriched proteome from the supernatant of the cultures (extracellular 

proteome).  

 

Supplementary Table S3. List of laminarin-induced Formosa B proteins and their predicted 

subcellular localization. The prediction is based on in silico analyses according to Romine (Romine, 

2011) and subproteome analyses (Supplementary Tables S2A-C). IP: soluble intracellular proteome, 

MP: enriched membrane proteome, EP: enriched extracellular proteome. The following bioinformatic 

tools were used: General prediction of protein localization: PsortB 

(http://www.psort.org/psortb/index.html) and SecretomeP 

(http://www.cbs.dtu.dk/services/SecretomeP/); Prediction of Sec signal peptides: LipoP 

(http://www.cbs.dtu.dk/services/LipoP/) and SignalP (http://www.cbs.dtu.dk/services/SignalP/); 

prediction of proteins with membrane-spanning domains: TMHMM 

(http://www.cbs.dtu.dk/services/TMHMM/) and BOMP (http://services.cbu.uib.no/tools/bomp) 

(Berven et al., 2004). 

 

Supplementary Table S4. List of all peptidases of Formosa B detected in the proteome analyses. The 

prediction of putative peptidases was supported by in silico analyses based on MEROPS 11.0 

(https://www.ebi.ac.uk/merops/submit_searches.shtml). Relative protein abundances of all proteins 

in the three investigated subproteomes are given in %riBAQ. 

 

Supplementary Table S5. Percentage of metagenomic reads mapped to the Formosa strain A and B 

genomes at different nucleotide identities. Quality filtered reads from 44 metagenomes from 

phytoplankton blooms of four consecutive years were mapped to the respective genomes. Reads were 

quality filtered and adapters trimmed using bbduk.sh (v. bbmap-35.14) from the BBtools package 

http://services.cbu.uib.no/tools/bomp
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(Bushnell, 2016). Reads recruited at ≤ 93% nucleotide identity represent other Formosa spp. that were 

abundant during the bloom events. 

 

Supplementary Table S6. Identity and Bitscore values of the sequence comparison depicted in Figure 

3 of the synteny analysis with the laminarin PULs of Formosa sp. strain Hel1_33_131 (Formosa B) and 

partial PUL sequences in the metagenomes from the spring bloom at Helgoland in 2009 (Teeling et al., 

2012).  

 

Supplementary Table S7. Laminarin-specific, PUL-encoded genes of Formosa B as detected in the 

metagenomes of four consecutive annual spring blooms from 2009 until 2012. green: consecutive 

contigs; red: overlapping contigs; (): large gap (>300 nt); nd: not detectable 

 

Supplementary Table S8. Relative abundance of Formosa A and B proteins in metaproteome samples 

taken in 2009 (A) and 2010 (B). Water samples taken at Kabeltonne Helgoland were filtered to enrich 

pelagic marine bacteria and their metagenome was sequenced (Teeling et al., 2012). All protein-coding 

genes were included in a metaproteome database, which - for this study - was supplemented with the 

sequenced genomes of Formosa strains A and B. Redundancies between the three datasets were 

removed by clustering with CD-Hit (at 100% identity across entire sequence length of the shorter 

protein). The Helgoland metaproteome samples (taken 2009/04/07 and 2010/05/04) were subjected 

to MS/MS analysis in an Orbitrap Velos mass spectrometer in technical duplicates and the resulting 

spectra were searched against this combined database. Search results were filtered to give a <1% 

protein FDR (false discovery rate) and <1% peptide FDR. All proteins, which were identified in either of 

the two replicates based on database entries from the Formosa genomes, are displayed, as well as 

such hits from the metaproteome database, which are 100% identical to Formosa proteins (total of 38 

proteins for this sample). Column A lists the source of the protein sequence in the database used 

(Formosa A: from Formosa A genome, Formosa B: from Formosa B genome, metaproteome: from 

metagenome). Average NSAF% values give the abundance of each protein relative to all proteins 

detected in the same sample.  
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Supplementary Table S9. Crystallographic data and refinement statistics for FbGH17A 

Data collection  

X-ray source DESY P11 

Wavelength (Å) 1.0332 

Space group P2 

Unit cell a, b, c (Å) 93.34 149.14 107.22 

Unit cell α, β, γ (˚) 90 103.35 90 

Resolution range, (Å) 104.32-2.60 (2.65-2.60) 

Rmerge 0.20 (0.766) 

Completeness (%) 99.7 (99.9) 

Redundancy 5.2 (5.4) 

<I/(I)> 6.9 (2.6) 

No. of Reflections 453483 (23840) 

No. Unique 87396 (4421) 

Mosaicity 0.08 

  

Refinement  

   Rwork/Rfree (%) 20.5/23.9 

   No. Of Atoms 19699 

   Protein 18825 

   Calcium 2 

   Water 872 

          

B factors  

    Overall 26.10 

    Protein 26.29 

    Calcium 41.43 

    Water 19.33 

  

R.m.s. deviations  

    Bond Lengths (Å) 0.013 

    Bond Angles (°) 1.668 

  

Ramachandran statistics (%)  

   Favored 98.3 

   Allowed 1.7 

   Outliers 0.0 

PDB accession code 6FCG 

 

 

Supplementary Figures 

Supplementary Figure S1. Phylogenetic consensus tree of the Formosa clade. Accession numbers are 

given at the end of each twig. The two new Formosa strains are marked in red. 16S rRNA gene clone 

sequences retrieved from Helgoland Roads are shown in green. The numbers in brackets indicate the 

number of grouped sequences. The pink box indicates the specificity of the 16S rRNA-targeted probe 

FORM181B for Hel1_33_131 (Formosa strain B) and closely related clones.  
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AACY020065672, Sargasso Sea, surface water

DQ009098, San Perdo Time Series, 5 m

GQ347713, Saanich Inlet, British Columbia, 10 m 

KM051636, North Pond borehole 395A, 173 mbsf

KF023502, Formosa Hel1_33_131 (strain B)
Helgoland Roads, spring bloom, April 2009 (16)

JN976225, ocean acidification experiment
surface seawater (~30 m) Southern Ocean Iron Fertilization Experiment (Lohafex) (2)

HQ163141, Saanich Inlet, British Columbia, 100 m 
GQ349607, Saanich Inlet, British Columbia, 10 m 
JX527217, surface seawater (~5 m) Southern Ocean Iron Fertilization Experiment (Lohafex) 

JX527253, surface seawater (~5 m) Southern Ocean Iron Fertilization Experiment (Lohafex)
DQ071071, surface seawater, Parks Bay, San Juan Islands
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Helgoland Roads, spring bloom, April 2009 (2)
EF016482, Monterey Bay, California
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JX945360, Western Pacific Ocean
EF574469, site S25 near Coco's Island
GU940992, South China Sea
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0.10
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Supplementary Figure S2. PUL organization in Formosa A. TBDR, TonB-dependent receptor; SusD, 

SusD-family protein; PKD, PKD-domain containing protein; GH, glycoside hydrolase; MFS, major 

facilitator superfamily; HP, hypothetical proteins; CE, carbohydrate esterase; ABC, ABC transporter 

protein 
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Supplementary Figure S3. PUL organization in Formosa B. TBDR, TonB-dependent receptor; SusD, 

SusD-family protein; PKD, PKD-domain containing protein; GH, glycoside hydrolase; MFS, major 

facilitator superfamily; HP, hypothetical proteins; CE, carbohydrate esterase; RND, resistance-

nodulation-division family transporters  
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Supplementary Figure S4.  The laminarin-specific PULs 1 and 2 in Formosa B and A. Gene organization 

of these PULs is conserved among other marine Flavobacteriaceae as exemplified. The PUL structures 

and their synteny to the Formosa B PULs are arranged according to the position of their PUL-specific 

TBDR proteins in the phylogenetic tree depicted on the left of this figure. The phylogenetic analysis 

was done by the Maximum Likelihood method based on the JTT matrix-based model (Jones et al., 

1992). The tree with the highest log likelihood (-8848.5785) is shown. The tree is drawn to scale, with 

branch lengths measured in the number of substitutions per site. The analysis involved five amino acid 

sequences. All positions containing gaps and missing data were eliminated. There were a total of 954 

positions in the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013). 

Amino acid sequences of the following genes were used to generate this tree: FORMB_10090 (Formosa 

sp. Hel1_33_131), FORMA_09680 (Formosa sp. Hel3_A1_48), WP_007807822.1 (Sediminibacter sp. 

Hel1_10), PHEL85_0899 (Polaribacter sp. Hel1_85), PHEL49_2085 (Polaribacter sp. Hel1_33_49).  
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Supplementary Figure S5.  Formosa B PUL 3. The third laminarin-specific PUL of Formosa B (PUL 3) 

shows high synteny to other Flavobacteriaceae, which do not possess PUL 1 and 2. The PUL structures 

and their synteny to the Formosa B PUL 3 are arranged according to the position of their PUL-specific 

TBDR proteins in the phylogenetic tree depicted on the left of this figure. The phylogenetic analysis 

was done by the Maximum Likelihood method based on the JTT matrix-based model (Jones et al., 

1992). The tree with the highest log likelihood (-3670.6338) is shown. The tree is drawn to scale, with 

branch lengths measured in the number of substitutions per site. The analysis involved 5 amino acid 

sequences. All positions containing gaps and missing data were eliminated. There were a total of 549 

positions in the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013). 

Amino acid sequences of the following genes were used to generate this tree:  FORMB_10090 

(Formosa sp. Hel1_33_131), RG22_RS14790 (Flaviramulus ichthyoenteri Th78), 

SAMN05428642_102383 (Flaviramulus basaltis DSM 18180), OYX28435.1 (Flavobacteriales bacterium 

32-35-8), JCM19301_3833 (Jejuia pallidilutea JCM 19301). 
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Supplementary Figure S6. Voronoi tree map comparing Formosa B protein abundance patterns 

during growth on laminarin vs. growth on glucose. The color code reflects the calculated log2 ratios 

of protein abundances under these two substrate conditions. Mean NSAF values (normalized spectral 

abundance factors) from three biological replicates of the enriched membrane proteome were used 

for the calculation of expression ratios (fold change values). Functional protein categories were 

classified with Prophane (Schneider et al., 2011) and the tree map was created using Paver 

(www.decodon.com/paver.html). A high-resolution image showing the predicted functions of the 

individual detected proteins in detail is available as separate supplementary file “Supplementary 

Figure S6 – high resolution”. 

 

 

http://www.decodon.com/paver.html
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Supplementary Figure S7A. ‘Volcano plot’ of statistical significance (t-test analysis) against fold 

change of Formosa B protein abundances during growth on laminarin vs. growth on peptone. Filled 

orange dots with a p-value (-log10) >2 and a log2-fold change >1 represent laminarin up-regulated 

proteins. Open orange dots represent laminarin down-regulated proteins. Filled red dots display 

proteins of the three laminarin PULs, brown dots display upregulated peptidases or the highly 

expressed porin.   
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Supplementary Figure S7B. ‘Volcano plot’ of statistical significance (t-test analysis) against fold 
change of Formosa B protein abundances during growth on glucose vs. growth on peptone. Filled 
bright blue dots with a p-value (-log10) >2 and a log2-fold change >1 represent laminarin up-regulated 
proteins. Open bright blue dots represent glucose down-regulated proteins. Filled dark blue dots 
display identified proteins of three laminarin PULs.     
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Supplementary Figure S9. GH16 enzymes in Formosa B. (A) Maximum likelihood phylogenetic tree of the three GH16 enzymes FORMB_11070, FORMB_24690 
and FORMB_10050. The alignment was prepared with MUSCLE (Edgar, 2004) and the tree with MEGA6 (Tamura et al., 2013). Numbers given on the branches 
are bootstrap proportions as a percentage of 1000 replicates. The scale bar represents the number of amino acid substitutions per site. (B) Abundance of the 
putative Formosa B laminarinases GH16 FORMB_11070 and FORMB_24690 in the presence of laminarin. None of these proteins could be detected during growth 
on glucose. The third GH16, FORMB_10050, was not at all detected in our Formosa B proteome analysis under either of the conditions. EP: enriched extracellular 
proteome, MP: membrane-associated proteome.    
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Supplementary Figure S10. Abundance of non-PUL-encoded TBDRs the expression of which were 
laminarin- and/or glucose-induced (see also Supplementary Tables S2A-C and S3). These proteins 
were detected in the membrane-enriched proteome of Formosa B. The five proteins shown on the 
right were also detected in the metaproteome of a spring bloom in 2009 (see Supplementary Table 
S8A). Relative protein abundances are depicted as %riBAQ values, i.e., as % of all proteins in the 
same sample. The respective locus tags of the proteins are indicated. The squares represent the 
mean values of the three replicates for every protein and each substrate. The error bars refer to the 
standard error of the mean. Proteins that could be detected in at least 2 out of 3 independent 
biological replicates of the investigated substrate conditions are shown (for individual replicate 
numbers see Supplementary Table S2A). 
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Supplementary Figure S11. Trimer of FbGH17A found in the asymmetric unit. The assembly is shown 

with each of the three monomers in cyan, green and purple. 
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