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1  Introduction 

1.1  The marine carbon cycle in surface waters 



FIG 1.1 A simplified marine carbon cycle in the surface waters of the ocean, adapted from (Worden et al., 2015). 
Grey and blue arrows indicate carbon and oxygen fluxes. The green arrow depicts the microbial loop, where 
phytoplankton derived dissolved organic carbon is being respired by heterotroph prokaryotes and channeled 
back into the classical linear food chain via protist and zooplankton grazing. 



1.2  Dynamics of phytoplankton primary production and the role of  

marine polysaccharides 

FIG 1.2 Mean chlorophyll a concentrations as a proxy of primary production from July 4, 2002 till December 31, 
2017. Data was obtained from the NASA Goddard Space Flight Center, Ocean Ecology Laboratory, Ocean 
Biology Processing Group using the Moderate-resolution Imaging Spectroradiometer (MODIS) on the Aqua 
Satellite. 





1.3  The algal polysaccharide laminarin 

FIG 1.3 Structure of the β-glucan laminarin consisting of a linear β-1,3-D-glucose backbone and with monomeric 
-1,6-linked glucose branches.  



1.4  Prokaryotic polysaccharide degradation in the microbial loop 



FIG 1.4 An example of specialized prokaryotic polysaccharide degradation. The Rhamnogalacturonan-II 
molecule, one of the most complex polysaccharides in nature, and its enzymatic degradome organized in 
polysaccharide utilization loci (PUL), The 25 different enzymes in the three PULs of Bacteroides thetaiot-
aomicron cleave 21 different linkages, resulting in smaller oligos, functional side groups and 13 different sugar 
monomers. Figure was adapted from Ndeh et al. 2007 with permission. 



1.5  Glycoside hydrolases and mechanisms of glycan degradation 

Å

Å



FIG 1.5 The retaining (A) and inverting (B) catalytic mechanism of glycoside hydrolases (adapted from Withers, 
S. and Williams, S. "Glycoside Hydrolases" in CAZypedia, available at URL http://www.cazypedia.org/, accessed 
5 March 2018). In the retaining mechanism, the acid residue protonates the oxygen at the glycosidic bond during 
the first glycosylation step (1). At the same time, the second catalytic residue acts as a nucleophile by attacking 
the anomeric carbon and a glycosyl enzyme intermediate is being created via an oxocarbenium ion-like 
transition state (‡). In the second deglycosylation step (2), the first residue is acting as a base catalyst by 
deprotonating a water molecule during its hydrolyzation of the glycoside at the anomeric carbon. The 
configuration of the anomeric carbon is being retained, whereas it is being shifted by the one-step inverting 
mechanism. 



FIG 1.6 The enzymatic modes of action of glycoside hydrolases (from Withers, S. and Williams, S. "Glycoside 
Hydrolases" in CAZypedia, available at URL http://www.cazypedia.org/, accessed 5 March 2018) 

FIG 1.7 Nomenclature of polysaccharide processing enzymatic sub-sites (from Withers, S. "Sub-site 
nomenclature" in CAZypedia, available at URL http://www.cazypedia.org/, accessed 5 March 2018) 

1.6  The analytical technologies of marine glycobiology  



FIG 1.8 Structural features of polysaccharides adapted from Hofmann et al. 2015. (A) Polysaccharide 
composition is determined by monosaccharide isomers, that can differ stereochemically at only one carbon 
atom. (B) Connectivity is defined by the position of the glycosidic linkage between the monomers. (C) The 
configuration describes the stereochemistry of the anomeric carbon, which can be also involved in a linkage. 
The configuration can be either characterized as α or β. 



1.7  Aim and outline of the thesis 







2  Manuscripts 





2.1  Manuscript I: Accurate quantification of laminarin in marine organic 

matter with enzymes from marine microbes 



2.1.1 Abstract 

2.1.2 Importance 

2.1.3 Introduction 





FIG 2.1.1 Laminarin structure and enzyme activities. The linear storage glucan consists of a β-1,3-D-glucose 
polysaccharide with -1,6-linked monomer side chains. The characterization of three enzymes from marine 
Bacteroidetes, belonging to the GH16, GH17, and GH30 families, presented here showed that the GH30 enzyme 
hydrolyzed the -1,6-linked side chain and the GH17 and GH16 enzymes hydrolyzed the β-1,3-D-linked main 
chain of laminarin. 



2.1.4 Results 



FIG 2.1.2 Recombinant glycoside hydrolases from marine Bacteroidetes showing greatest activity in MOPS 
buffer at neutral pH. (A) SDS-PAGE analysis of purified enzymes. One gel is shown. Unimportant lanes were 
intentionally omitted, as indicated by vertical lines. Approximately 0.5 μg of each protein was loaded on the gel. 
All proteins were run on the same gel, and lanes were spliced for clarity. (B and C) Enzymatic rates were 
measured with 0.1% (wt/vol) laminarin, which was hydrolyzed by 100 nM (~5.0 μg ml-1) purified FaGH17A (B) or 
FbGH30 (C) at 37°C for 30 min in 50 mM buffer. The greatest activity rate was observed in MOPS buffer at pH 
7.0 and was set as the 100% reference value. MES, morpholineethanesulfonic acid; MMT, malic acid-MES-Tris 
base. 





 



FIG 2.1.3 Glycoside hydrolases showing different levels of specificity for laminarin and related glucans. 
(A) Activity tests with glucan polysaccharides and oligosaccharides containing β-1,3, β-1,4, and β-1,6 linkages, 
based on the PAHBAH reducing sugar assay. Shown are mean and standard deviation (SD) values from three 
technical replicates. (B) Enzyme specificity tested with defined oligosaccharide substrates, using thin-layer 
chromatography. The results are presented as a heatmap (Supplementary FIG 2.1.3). The substrates at 0.1% 
(wt/vol) were hydrolyzed for 30 min at 37°C by 100 nM (~5 μg ml-1) purified enzyme in PBS buffer at pH 7.5. 
(C) Mixtures of FbGH30 and FaGH17A or FbGH30 and FaGH16A, showing greater activity than the individual 
enzymes. The highest activity level with all three enzymes was set to 100%, and all other samples were 
compared to that value. Laminarin at 0.1% (wt/vol) was hydrolyzed for 30 min at 37°C by 100 nM (~5 μg ml-1) of 
each purified enzyme in PBS buffer at pH 7.5, and hydrolysis was measured with the PAHBAH assay. Shown are 
mean and SD values from three technical replicates. ****, P ≤ 0.0001; ***, P ≤ 0.001, independent two-sample 
Student’s t test. ns, not significant. (D) Comparison of hydrolysis yields of enzymatic, partial acid, and total acid 
hydrolysis of different polysaccharides. Lichenan, carrageenan, and mannan at 0.1% (wt/vol) were added to 
0.1% (wt/vol) laminarin and were hydrolyzed for 30 min at 37°C with 100 nM purified enzyme (~5 μg ml-1 of 
FaGH16A, FaGH17A, or FbGH30) in 50 mM MOPS buffer. Boiling for 5 min at 100°C stopped the reaction. Partial 
acid hydrolysis was conducted for 2 h at 20°C with 50 mM H2SO4. Total acid hydrolysis was carried out for 24 h 
at 100°C with 1 M HCl. The reaction mixtures were analyzed with the PAHBAH assay. All experiments were 
carried out in triplicate. Shown are mean and SD values from three technical replicates. 





FIG 2.1.4 Laminarin quantification in Thalassiosira weissflogii and T. pseudonana laboratory cultures and in 
environmental samples. (A) Numbers of diatoms cultured in modified ESAW/HESNW medium at 15°C, with a 
12-h/12-h light/dark cycle, for 6 days. (B) Quantification of laminarin extracted from T. weissflogii by acid 
(dashed black line) or enzyme (solid green line) hydrolysis. (C) Quantification of laminarin extracted from T. 
pseudonana by acid (dashed black line) or enzyme (solid green line) hydrolysis. (D) Laminarin contents of 
particulate organic matter, which was concentrated by filtering seawater from the North Sea near Helgoland 
(spring 2009) and from the Arctic Ocean near Svalbard (summer 2015) and enzymatically hydrolyzed. Water-
soluble extracts were hydrolyzed for 30 min at 37°C with 100 nM (~5.0 mg ml-1) FaGH17A and FbGH30, with 
1 mg ml-1 BSA, in 50 mM MOPS buffer at pH 7. Alternatively, the extracted polysaccharides were hydrolyzed 
twice for 2 h at 20°C with 50 mM H2SO4, with shaking at 1,500 rpm. The products were quantified with the 
PAHBAH reducing sugar assay. The calibration curve was prepared with laminarin hydrolyzed with enzyme or 
acid, and the reducing sugar signals were measured as described above (Supplementary FIG 2.1.5). 



TAB 2.1.1 Glucan amounts of various diatom species, related to dry weight and growth phase 

a Details for the F/2 and F/10 media can be found in (Guillard and Ryther, 1962); details for the NEPCC medium 
can be found in (Harrison et al., 1980). 

2.1.5 Discussion 







2.1.6 Materials and Methods 

CTGGTGCCGCGCGGCAGCCATATGGCTAGCGAAGACGATGTGTCCATAG

CTGGTGCCGCGCGGCAGCCATATGGCTAGCTTAGGATGTAACAATAAAACTCAGATTGCG

ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTATTGGTAAACTCTTAC

ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTAATTTTTAATTGGTGGCA-CTGCAACG









2.1.7 Acknowledgements 



2.1.8 Supplementary material 

Supplementary FIG 2.1.1 Temperature stability of FaGH16A, FaGH17A and FbGH30 measured by dynamic light 
scattering. The melting curves showed the mesophilic character of all three enzymes. A: FaGH17A started to 
denature at ~40°C. B: FbGH30 started to denature at ~42°C. C: FaGH16A started to denature at ~55°C. Each 
measurement comprised ten times 5 s acquisitions. The temperature was increased at a rate of 0.25°C per min, 
from 25 to 80°C. 

 

 

 

 



 
Supplementary FIG 2.1.2 Fluorophore assisted carbohydrate electrophoresis of hydrolysis products revealed 
the mode of action of FaGH16A, FaGH17A and FbGH30. Hydrolysis of laminarin was monitored over 60 min 
(T0-T60). Untreated Glucose (Glc), Laminaribiose (L2), Laminaritriose (L3) and Laminaritetraose (L4) were 
added as a reference. (A) On a 4-20% acrylamide gel FaGH16A and FaGH17A exhibited an endo-acting activity 
by creating a ladder type profile. (B) On a 36% acrylamide gel FbGH30 produced only glucose, even during initial 
phases of the kinetic, which is typical for an exo-acting enzyme. 0.1% (w/v) laminarin was hydrolyzed by 100 nM 
(~5 μg ml-1) purified enzyme at 37°C for 30 min in PBS buffer at pH 7.5. The reaction was stopped by heating for 
10 min at 100°C. Derivatization and electrophoresis were performed as previously described (Jackson, 1990). 

 

 

 



 
Supplementary FIG 2.1.3 Enzyme specificity tested with defined oligosaccharides substrates using thin layer 
chromatography. FaGH16A released laminaribiose and glucose from laminarin, laminaritriose and -tetraose. 
This enzyme also hydrolyzed mixed linked cellotetraose and mixed linked β-glucan from barley suggesting it 
can hydrolyze ß-1,3-linkages adjacent to β-1,4-linkages. FaGH17A showed a similar product profile of 
laminaribiose and glucose released from laminarin, laminaritriose and laminaritetraose. However, this enzyme 
did not cleave the mixed linked cellotetraose. FbGH30 released glucose from laminarin and hydrolyzed 
gentiobiose, a β-1,6 linked glucose disaccharide into glucose. In these experiments 0.1% (w/v) of the substrates 
were hydrolyzed by 100 nM (~5 μg ml-1) purified enzyme at 37°C for 30 min in PBS buffer at pH 7.5. 

 

 

 

 

 

 



 
Supplementary FIG 2.1.4 Yield of laminarin enzyme hydrolysis (~51%) compared to total acid hydrolysis 
(100%). 0.1% (w/v) of laminarin was hydrolyzed either by 100 nM (~5 μg ml-1) purified enzyme at 37°C for 30 min 
in MOPS buffer at pH 7.5. Acid hydrolysis was conducted with 1 M HCl for 24 h at 100°C. 

 

 
Supplementary FIG 2.1.5 PAHBAH calibration curves of laminarin hydrolysis. Comparison of acid hydrolysis (A) 
and enzyme hydrolysis using FaGH17A and FbGH30 (B). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.2  Manuscript II: Adaptive mechanisms that provide competitive 

advantages to marine Bacteroidetes during microalgal blooms 



2.2.1 Abstract 

2.2.2 Introduction 



2.2.3 Materials and Methods 



 



 



2.2.4 Results 



FIG 2.2.1 Relevance of Formosa strain B and related species during four spring phytoplankton blooms indicated 
by the percentage of metagenomics reads mapped at different nucleotide identities. Reads recruited at ≤ 93% 
nucleotide identity represent other Formosa spp. that are abundant during the spring bloom events at Helgoland 
from 2009 until 2012. Dates on the right indicate the four metagenomes (i.e., time points), which produced 
highest mapping coverage with the Formosa strain B genome in their respective years. For a summary of all 44 
metagenomes (up to 18 time points per year) and their mapping results see Supplementary TAB 2.2.1. 





FIG 2.2.2 Relevance Detection of Formosa strain B laminarin PULs in the Helgoland spring bloom metagenome 
and metaproteome in 2009 (Teeling et al., 2012). (A) Synteny between the laminarin PULs of Formosa sp. 
Hel1_33_131 and partial PUL sequences in the metagenomes from 07.04.2009. The sequence comparisons were 
performed with Bl2seq (BLASTn, E-value 1e-5). Sequence similarities are depicted by blue hues for direct 
comparisons. Darker colors correspond to higher identities. (B) Heatmap of the relative abundance of Formosa 
strain B proteins (displayed as normalized spectral abundance factor values, NSAF%) detected in the 
metaproteome from 07.04.2009. Displayed are selected proteins, which likely play a role in polysaccharide or 
protein utilization. A highly abundant ribosomal protein of Formosa strain B is also displayed as a reference to 
illustrate the high abundance of polysaccharide utilization-specific proteins during the bloom condition. Gene 
locus tag numbers are given in parenthesis. TBDR, TonB-dependent receptor; SusD, SusD-family protein; PKD, 
PKD-domain containing protein; GH, glycoside hydrolase; MFS, major facilitator superfamily; HP, hypothetical 
protein. 





FIG 2.2.3 Laminarin utilization of Formosa B. (A) SR-SIM of Formosa B cells before inoculation with FLA-
laminarin and 5 and 30 min after incubation with FLA-laminarin. Images show cell staining by DAPI (left, blue), 
FLA-laminarin (middle, green) and an overlay showing both FLA-laminarin staining and DAPI (right). 
Scale bar = 1 μm. (B) Growth curves at 12°C in modified HaHa_100V medium (Hahnke et al., 2015) with 
2 g L-1 laminarin or 2 g L-1 glucose. The “control” culture contained only 0.1 g L-1 peptone, 0.1 g L-1 yeast extract 
and 0.1 g L-1 casamino acids but no additional carbon sources. (C) Expression profile and gene organization of 
the laminarin utilization PULs 1-3 in Formosa B. Relative protein abundances (in %riBAQ) of PUL-encoded 
proteins detected in the membrane protein fractions of cultures grown on laminarin (orange), glucose (blue) 
and chitin (control, grey) are shown (for riBAQ values see Supplementary TAB 2.2.6A and 7). Putative protein 
functions (e.g. GH3) and the respective locus tags (e.g. 10040) are indicated. The squares represent the mean 
values of the replicates for every protein and each substrate. The error bars refer to the standard error of the 
mean (SEM; standard deviation/√number of replicates). Proteins that could be detected in at least 2 out of 3 
independent biological replicates are shown (for individual replicate numbers see Supplementary TAB 2.2.6A). 





FIG 2.2.4 Biochemical characterization of different laminarinases from Formosa B. Michaelis-Menten-Kinetic 
(A) of FbGH30 on native laminarin, (B) of FbGH17A on native and debranched laminarin and (C) of FbGH17B on 
debranched laminarin. (D) Visualization of all three enzymatic activities was done using HPAEC-PAD. FbGH30 
hydrolyzed native laminarin. After this debranching reaction, the laminarin was purified to remove glucose for 
the following steps. This debranched laminarin was used in the FbGH17A reaction. FbGH17B hydrolyzed the 
products of the previous FbGH17A reaction without any further purification in between. (E) 3D structure model 
of both the MFS-domain and the associated FbGH17B-domain and its arrangement within the inner-membrane. 
The modelling was performed using Phyre2. (F) The overall structure of FbGH17A is displayed in cyan with the 
additions colored purple. Highlighted in red are the catalytic residues and the N- and C-termini are labeled. 
(G) A surface view of FbGH17A with a modelled substrate complex shown as sticks in yellow from a GH17 
transferase of Rhizomucor miehei with laminaritriose and laminaribiose in the -3 to -1 and +1 to +2 subsites, 
respectively. 



FIG 2.2.5 Differential expression of peptidases and putative peptide transporter proteins of Formosa B. (A) The 
two laminarin-induced peptidases shown on the right (00960, 26180) were also detected in the metaproteome 
of a spring bloom in 2009 (Supplementary TAB 2.2.5A). Relative protein abundances are depicted as % riBAQ 
values. The putative peptidase families and the respective locus tags are indicated. The squares represent the 
mean values of the replicates for every protein and each substrate. The error bars refer to the standard error of 
the mean (SEM; standard deviation/√number of replicates). Proteins that could be detected in at least 2 out of 3 
independent biological replicates are shown (for individual replicate numbers see Supplementary TAB 2.2.6A). 
(B) Comparison of total protein abundances (in %riBAQ) of peptidases (Supplementary TAB 2.2.9), nitrogen-
associated transporters and the porin in Formosa B under the three investigated substrate conditions 
(Supplementary TAB 2.2.7). (C) Genomic structure of the porin-encoding cluster and the expression patterns of 
the corresponding genes. Brackets indicate putative operons. Protein functions and the respective locus tags 
are indicated. GS S: glutamate synthase subunit S, GS L: glutamate synthase subunit L, AT: ammonium 
transporter, P-II: nitrogen regulatory protein P-II. 



2.2.5 Discussion 



FIG 2.2.6 A tentative model of laminarin utilization pathways and of the proposed laminarin induced peptide uptake in Formosa B. Protein localizations were predicted in 
silico according to (Romine et al., 2011) and were deduced by subproteome analyses (Supplementary TAB2.2.7). Additional biochemical experiments are required to 
ascertain this model. 





2.2.6 Acknowledgements 

2.2.7 Supplementary information 





CAGCGGCCTGGTGCCGCGCGGCAGCCATAAAAATAAGCAATCAAATACG

CTCAGTGGTGGTGGTGGTGGTGCTCGAGTTAATGGTTCTTTGTGATTTC













Å

Å



 

Supplementary FIG 2.2.1 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. 



Supplementary FIG 2.2.2 PUL organization in Formosa A 

Supplementary FIG 2.2.3 PUL organization in Formosa B 



Supplementary FIG 2.2.4 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 syntenies 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 5 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). 



Supplementary FIG 2.2.5 Formosa B PUL 3. The third laminarin-specific PUL of Formosa B (PUL 3) shows high 
syntenies to other Flavobacteriaceae, which do not possess PUL 1 and 2. The PUL structures and their syntenies 
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). 



Supplementary FIG 2.2.6 Differential protein expression in Formosa B. Voronoi tree map comparing Formosa B 
protein expression 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).  



Supplementary FIG 2.2.7 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. 

Supplementary FIG 2.2.8 Trimer of FbGH17A found in the asymmetric unit. The assembly is shown with each 
of the three monomers in cyan, green and purple. 



Supplementary FIG 2.2.9 Abundance of non-PUL-encoded TBDRs the expression of which were laminarin- 
and/or glucose-induced. 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. 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 replicates for every 
protein and each substrate. The error bars refer to the standard error of the mean (SEM; standard 
deviation/√number of replicates). Proteins that could be detected in at least 2 out of 3 independent biological 
replicates are shown. 

Supplementary FIG 2.2.10 FbGH17A crystals growing in a condition containing 0.03 M MgCl2, 0.1 M MOPS 
(pH 7), 9% PEG8K and 15% ethylene glycol. 



Supplementary TAB 2.2.1 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 (Bushnell, 2016). Reads recruited at ≤93% 
nucleotide identity represent other Formosa spp. that were abundant during the bloom events. For better 
readability, the table is also attached on the DVD. 



 

Supplementary TAB 2.2.2 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. For better readability, the table is also attached on the DVD. 



Supplementary TAB 2.2.3 Identity and bitscore values of the sequence comparison depicted in FIG 2.2.3 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 TAB 2.2.4 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. For better readability, the table is also attached 
on the DVD. 

Supplementary TAB 2.2.5 Relative abundance of Formosa A and B proteins in metaproteome samples taken in 
2009 (A) and 2010 (B). The table is too big and thus was the attached via DVD. 

 

Supplementary TAB 2.2.6 Overview of Formosa B subproteome analyses performed in this study during 
growth on laminarin, glucose and chitin. The table is too big and thus was the attached via DVD. 

 

Supplementary TAB 2.2.7 List of laminarin-induced Formosa B proteins and their predicted subcellular 
localization. The table is too big and thus was the attached via DVD. 



Supplementary TAB 2.2.8 Crystallographic data and refinement statistics for FbGH17A. 



Supplementary TAB 2.2.9 List of all peptidases of Formosa B detected in the proteome analyses. For better 
readability, the table is also attached on the DVD. 





2.3  Manuscript III: Laminarin quantification in microalgae with enzymes 

from marine microbes 



2.3.1 Abstract 

2.3.2 Background 



FIG 2.3.1 Schematic protocol after the production of the enzymes. A brief outline of the three main steps and 
their approximate duration. 

2.3.3 Materials and reagents 





2.3.4 Equipment 



2.3.5 Procedure 









2.3.6 Data analysis 



FIG 2.3.2 Exemplary calibration 

TAB 2.3.1 Exemplary data 

 

2.3.7 Notes 



2.3.8 Recipes 







2.3.9 Acknowledgments 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



2.4  Manuscript IV: Laminarin is the major marine sugar polymer and 

indicates bioenergy states of the surface ocean 

 



2.4.1 One sentence summary 

2.4.2 Abstract 

2.4.3 Report 



FIG 2.4.1 Enzymatic dissection of organic matter with specific enzymes enables quantification of environmental 
laminarin. Laminarin is a β-glucan composed of a β-1,3-glucose backbone with β-1,6 linked side chains. The four 
enzymes from different marine Bacteroidetes and terrestrial Gammaproteobacteria belong to the families GH3, 
GH17 and GH30. (1) The GH30 hydrolyzes the β-1,6-linked monomeric branches. (2) Both GH17 hydrolyze the 
β-1,3-linked backbone internally (endo) into smaller oligos. (3) The GH3 hydrolyzes the original backbone and 
smaller oligos externally (exo) into glucose monomers. Chromatogram 2 and 3 are so far only dummies, since this 
experiment is still pending. However, it should look very similar. 



 

 



FIG 2.4.2 Comparison between laminarin and chlorophyll a in a spring bloom time series, across the Atlantic 
and in different oceanic regions. (A) Laminarin and chlorophyll a were determined during a phytoplankton 
spring bloom in the North Sea in 2017. Particulate organic matter was concentrated twice per week from 100 L 
seawater for over three month by sequential filtration through filters of decreasing size and laminarin was 
quantified by the biocatalytic assay. Multi-wavelength spectrofluorometric analysis of unfiltered seawater, 
resolved the contribution of four phytoplankton groups to the bloom. (B) Laminarin was measured along a 
meridional transect from the North to the South Atlantic. Particulate organic matter was concentrated from 
20 L of seawater by sequential filtration through filters of decreasing size. (C) Comparison of laminarin and 
chlorophyll concentrations in all datasets where chlorophyll a was measured. Linear regression was applied to 
the laminarin to chlorophyll a relationship (R²=0.66; P<0.001, n=101). The confidence intervall (CI) in grey was 
calculated at level 0.95. 





FIG 2.4.3 Correlation of laminarin to particulate organic carbon content and comparison of LaminarinC:POC 
ratios. Particulate organic matter was concentrated by filtering seawater. Laminarin was quantified by the 
biocatalytic assay and POC with an elemental analyzer using the same filters. Based on the max. theoretical 
ATP yield that would be gained through respiration of the glucose monomers with oxygen, the energy density 
of laminarin per volume was calculated. (A) The overview scatter plot comprises all regions where POC was 
measured. Linear regression was applied to the laminarin to POC relationship (R²=0.81; P<0.001, n=88). The 
confidence interval (CI) in grey was calculated at level 0.95. (B) The boxplot depicts each individual dataset 
against the overall mean value of LaminarinC:POC. Significant deviations from the overall mean and its 
standard deviation (SD) in grey were tested (Kruskal-Wallis test; ****, P<0.0001; *, P<0.05; ns, not significant). 



TAB 2.4.1 Comparison of mass balances of lipid, protein, and laminarin or total carbohydrates in POC. Shown 
are mean values and standard deviations. In our study, the analysis of lipid and protein abundances was applied 
on the Arctic 2016 dataset. 
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Supplementary FIG 2.4.1 Structural features of polysaccharides adapted from Hofmann et al. 2015. 
Carbohydrates build the most diverse and complex macromolecules in nature. (A) The composition of a glycan 
is the abundance of its monomers, which can differ in the stereochemical orientation of one of their carbon 
atoms as seen for mannose (Man) and glucose (Glc). (B) The connectivity of a glycan describes the fact that each 
monomer has multiple hydroxyl groups each of which can serve as the anchor point to connect via the glycosidic 
bond to another monomer. This enables glycans to be branched whereas proteins and DNA are linear. (C) The 
configuration of the glycoside bonds of a glycan can be in two ways namely α or β. Combining these bespoke 
structural possibilities results in high molecular diversity, but to identify and quantify a glycan in situ all three 
layers of information are required. For example by composition alone the glycans cellulose (glucose β1→4 
linked), glycogen (α1→4, β1→6) or laminarin (β1→3, β1→6) cannot be distinguished because they are all made 
of glucose.  



Supplementary FIG 2.4.2 Station and laminarin surface concentration overview. The entire dataset comprised 
samples from 8 different cruises and campaigns indicated by different symbols. The colors represent mean 
laminarin concentrations from surface samples (max. 50 m water depth). The enlarged Arctic region is using a 
polar stereographic projection of the world, whereas the rest of the map and all other enlarged areas are using 
an equirectangular projection. The black lines in the grey landmasses mark country borders. The map was 
created using QGIS (v.2.18.14) and the Natural Earth free vector and raster map data. 



Supplementary FIG 2.4.3 Laminarin and chlorophyll a comparison on different filter fractions during a 
phytoplankton spring bloom in the North Sea 2017. Particulate organic matter was concentrated twice per week 
from 100 L seawater for over three month by sequential filtration through filters of decreasing size and laminarin 
was quantified by the biocatalytic assay. Multi-wavelength spectrofluorometric analysis of unfiltered seawater, 
resolved the contribution of four phytoplankton groups to the bloom. (A) Linear regression was applied to the 
laminarin and chlorophyll a signal relationship of all filter fractions. (B) The combined signal from sequentially 
used polycarbonate filters (PC) with pore sizes of 10 and 3 μm was compared to the signal of the glass fiber 
filters (GF/F) with a pore size of 0.7 μm, which was used without prefiltration. 



Supplementary FIG 2.4.4 Correlations between different laminarin and chlorophyll a signals. Particulate 
organic matter was concentrated by filtering seawater. Laminarin was quantified by the biocatalytic assay and 
chlorophyll a was determined either by spectrofluorometric or chromatographic analyses. (A) Linear and 
logarithmic regression was applied to the chlorophyll a and laminarin (>10 μm fraction) signal relationship 
during the North Sea 2017 phytoplankton bloom. (B) Linear and logarithmic regression was applied to the 
relationship between the laminarin (>10 μm fraction) and chlorophyll a signal from diatoms and during the 
North Sea 2017 phytoplankton bloom. (C) Linear regression was applied to the laminarin and chlorophyll a signal 
relationship in the Arctic 2016 and 2017 dataset. (D) Linear and logarithmic regression was applied to the 
chlorophyll a and total laminarin (>3 μm) signal relationship during the Mid-Atlantic meridional transect. 

Supplementary FIG 2.4.5 Correlation between Lam:Chl-a ratio and water temperature. Particulate organic 
matter was concentrated by filtering seawater. Laminarin was quantified by the biocatalytic assay and 
chlorophyll a was determined either by spectrofluorometric or chromatographic analyses. Exponential 
regression was applied to the relationship (R²=0. 49; P<0.001, n=82). The confidence interval in grey (CI) was 
calculated at level 0.95.  



Supplementary FIG 2.4.6 Vertical profiles of laminarin, POC and laminarin:POC ratios in the Arctic and 
Northern Atlantic datasets. During both Arctic cruises we measured vertical profiles of laminarin and POC via in 
situ pumping of up to 560 L at different stations and depths to 300 m. In the North Atlantic sampling, a marine 
snow catcher was used additionally to fractionate suspended and settling particle samples. Settling particles in 
the sampled water body were allowed to sediment and both fraction were drained and filtered separately. The 
laminarin in the concentrated particulate organic matter was quantified by the biocatalytic assay and POC with 
an elemental analyzer using the same filters. (A) Laminarin over depth during both Arctic samplings. (B) POC 
over depth during both Arctic samplings. (C) LaminarinC:POC ratio over depth during both Arctic samplings. 
Significant deviations from the overall mean LaminarinC:POC ratio of 50±18% (SD), were tested (Kruskal-
Wallis-Test; ns, not significant). (D) Laminarin over depth during the North Atlantic sampling. (E) POC over 
depth during the North Atlantic sampling. (F) LaminarinC:POC ratio over depth during the North Atlantic 
sampling. Significant deviations from the overall mean LaminarinC:POC ratio of 41±14% (SD), were tested 
(Kruskal-Wallis-Test; *, P<0.05; ns, not significant).  

Supplementary TAB 2.4.1 Sample overview of the entire dataset. Sums are shown in the last row. 





 

3  Conclusions, general discussion and outlook 

3.1  Further method development and possible new applications 



FIG 3.1 Comparison of laminarin hydrolysis yields using the old enzyme cocktail (FaGH17A+FbGH30), the new 
cocktail (FaGH17A+FbGH30+FbGH17A), the new cocktail including the GH3 from Cellvibrio japonicus 
(preliminary data) and total acid hydrolysis. 



 
 



3.2  Specialized laminarin degraders and prospective  

proteinbiochemical analyses 

TAB 3.1 Comparison of genome sizes and genomic content of the generalist Formosa agariphila and the 
specialized laminarin degrader Formosa strain B. 



 
 

3.3  Implications of the sweet ocean for future studies 



FIG 3.2 Preliminary data of the laminarin cycling of Thalassiosira weissflogii over several day and night cycles. 
The 12 h of light are indicated in white, whereas the 12 h of darkness are indicated in grey. Error bars indicate 
standard deviations of the biological triplicates. The diatom strain was constantly held in exponential growth 
conditions. Laminarin was quantified by the biocatalytic assay and cells were counted microscopically.  
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High Arctic kelps maintain their photosynthetic functions throughout the polar night 




