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Abstract :

Marine Bacteroidetes have pronounced capabilities of degrading high molecular weight organic matter
such as proteins and polysaccharides. Previously we reported on 76 Bacteroidetes-affiliated fosmids from
the North Atlantic Ocean's boreal polar and oligotrophic subtropical provinces. Here, we report on the
analysis of further 174 fosmids from the same libraries. The combined, re-assembled dataset (226
contigs; 8.8 Mbp) suggests that planktonic Bacteroidetes at the oligotrophic southern station use more
peptides and bacterial and animal polysaccharides, whereas Bacteroidetes at the polar station (East-
Greenland Current) use more algal and plant polysaccharides. The latter agrees with higher abundances
of algae and terrigenous organic matter, including plant material, at the polar station. Results were
corroborated by in-depth bioinformatic analysis of 14 polysaccharide utilisation loci from both stations,
suggesting laminarin-specificity for four and specificity for sulfated xylans for two loci. In addition, one
locus from the polar station supported use of nonsulfated xylans and mannans, possibly of plant origin.
While peptides likely represent a prime source of carbon for Bacteroidetes in open oceans, our data
suggest that as yet unstudied clades of these Bacteroidetes have a surprisingly broad capacity for
polysaccharide degradation. In particular, laminarin-specific PULs seem widespread and thus must be
regarded as globally important.
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Introduction

Members of the Bacteroidetes phylum are abundant in marine habitats, both in coastal
regions_(Alonso et al., 2007; Teeling et al., 2012; Teeling et al., 2016) and in the open
ocean (Schattenhofer et al., 2009; Gomez-Pereira et al., 2010). They occur free-living in
the water column as well as attached to particles (DeLong et al., 1993; Bennke et al.,
2013). Members of the Bacteroidetes are known to be involved in the degradation of high
molecular weight dissolved organic matter (HMW-DOM), such as polysaccharides and
proteins ' (Cottrell and Kirchman, 2000; Cottrell et al., 2005, Thomas et al., 2011;
Fernandez-Gomez et al., 2013). For example the analysis of the first genome of a marine
representative of the bacteroidetal class Flavobacteriia, ‘Gramella forsetii’ revealed high
numbers of peptidase and glycoside hydrolase (GH) genes and thus a high proteolytic and
glycolytic potential (Bauer et al., 2006). Similar adaptations have been found in the
genomes of other marine Flavobacteriia, such as for Polaribacter dokdonensis MED152
(Gonzélez et al., 2008), Robiginitalea biformata HTCC2501 (Oh et al., 2009), Formosa
agariphila KMM 3901 (Mann et al., 2013), and Polaribacter spp. Hel1_33_49 and Hel1_85
(Xing et al., 2015). Metagenomic analyses also support the view of marine Bacteroidetes
as specialists for HMW-DOM (e.g. Gémez-Pereira et al., 2010; Teeling et al., 2012;
Teeling et al., 2016).

The extent to which Bacteroidetes specialize on macromolecular substrates varies
considerably. This is reflected in a broad spectrum of CAZyme and peptidase gene
frequencies in Bacteroidetes genomes. Planktonic Bacteroidetes such as ‘G. forsetii’
KT0803 tend to have lower (40 GH and 116 peptidase genes; Bauer et al., 2006) and
algae-associated Bacteroidetes such as F. agariphila KMM 3901 higher CAZyme and
peptidase gene numbers (88 GH and 129 peptidase genes; Mann et al., 2013).
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Bacteroidetes of the human gut are particularly CAZyme-rich with an average of around
130 GHs per genome (El Kaoutari et al., 2013).

The capacity of Bacteroidetes for the degradation of polysaccharides is often encoded
in distinct polysaccharide utilization loci (PULs). PULs are operons or regulons of genes
that encode the machinery for the concerted detection, hydrolysis and uptake of a
dedicated polysaccharide or class of polysaccharides (e.g. Martens et al., 2011). The
starch utilization system (susA-susG; susR) of the human gut symbiont Bacteroides
thetaiotaomicron was the first described PUL (Anderson and Salyers, 1989; Shipman et
al.,, 2000). PULs always include an outer membrane transport protein homologous to
SusC. This SusC-like protein functions as receptor of the TonB uptake system. In
Bacteroidetes, this TonB-dependent receptor is usually co-located with an outer
membrane lipoprotein homologous to SusD (Reeves et al., 1997; Shipman et al., 2000;
Cho and Salyers, 2001; Bjursell et al., 2006; Martens et al., 2011). SusD was shown to
bind amylose helices, and to keep starch close to the cell surface of B. thetaiotaomicron
during degradation (Koropatkin et al., 2008). SusD-like proteins thus define a novel class
of carbohydrate-binding proteins and according to current knowledge are unique to the
Bacteroidetes phylum (Thomas et al., 2011). Within PULs susC and susD homologs can
be co-located with genes coding for glycoside hydrolases, carbohydrate esterases (CEs),
carbohydrate binding modules (CBMs), polysaccharide lyases (PLs) and proteins with
auxiliary functions (AA). These so-called carbohydrate-active enzymes (CAZymes) are
classified in the CAZy database (Cantarel et al., 2009; Lombard et al., 2014). PULs of
marine Bacteroidetes are frequently found to encode also sulfatases (e.g. Bauer et al.,
2006; Thomas et al., 2011; Gomez-Pereira et al., 2012; Mann et al., 2013; Xing et al.,
2015), because in contrast to their land plant counterparts polysaccharides from marine
algae are often sulfated (e.g. ulvans, agars, carrageenans, porphyran, fucans). So far
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most functional studies on PULs have been conducted for land plant polysaccharide-
specific PULs in human gut bacteria, for example recently for xyloglucan decomposition by
human . gut Bacteroidetes (Larsbrink et al., 2014). Only few PULs have been characterized
for polysaccharides of marine origin, such as agar/porphyran-specific PULs (Hehemann et
al., 2012a) that have been laterally transferred from marine Bacteroidetes to Bacteroidetes
of the human gut (Hehemann et al., 2010; Hehemann et al., 2012b) and alginate-specific
PULs (Thomas et al., 2012). Notably, alginate induction experiments with Zobellia
galactanivorans DsiJ" demonstrated that its alginate-specific PUL is a genuine operon
(Thomas et al., 2012). A recent proteomic study on the coastal marine bacteroidetes
'‘Gramella forsetii’ KT0803 confirmed expression of proteins encoded by a homologous
alginate-specific PUL, and identified an additional laminarin-induced PUL (Kabisch et al.,
2014). The latter was also shown to be present and inducible by laminarin in a proteomic
study of the coastal marine bacteroidetes Polaribacter sp. Hel1_33 49 (Xing et al., 2015).
These findings notwithstanding, we still have little knowledge on the PUL repertoire and
associated degradation potential of marine Bacteroidetes, in particular for those thriving in
the mostly oligotrophic open oceans.

In order to gain insights into the genetic capacities for polysaccharide degradation of
as yet uncultured open ocean Bacteroidetes, we constructed fosmid metagenome libraries
from two contrasting provinces of the North Atlantic (Fig. S1, Table S1) sampled in late
September 2006 (Gémez-Pereira et al., 2010). One library of 35,000 fosmids was
constructed from surface water taken in the East Greenland Current (station 3) of the
Boreal Polar region (BPLR), and a second of 50,000 fosmids was constructed from
surface water collected at station 18 (S18) close to the Azores in the North Atlantic
Subtropical region (NAST). Both libraries were screened with a PCR assay targeting the
16S rRNA gene with Bacteroidetes-specific primers (CF319 and CF967). A total of 13 (S3)
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and 15 (S18) fosmids with 16S rRNA genes were identified and sequenced (Gomez-
Pereira et al.,, 2012). Subsequently, we end-sequenced 16,938 S3 and 16,255 S18
fosmids (avg. length: 623 bp). Use of combined results from the end-sequences'
tetranucleotide frequency analysis and BLAST and HMMer searches of encoded genes
allowed identification of additional fosmids of possible bacteroidetal origin. In a previous
study we reported on the analysis of the first 76 fully sequenced Bacteroidetes fosmids
(Gomez-Pereira et al., 2012). This analysis revealed that Bacteroidetes from both regions
had an unexpectedly high capacity for polymer degradation in view of the overall nutrient
depletion of open oceans. The analysis also suggested that Bacteroidetes in the more
oligotrophic southern region might be more adapted towards the degradation of proteins
and peptidoglycan than to polysaccharides of algal origin (Gémez-Pereira et al., 2012).
Here we present the analysis of 174 new bona fide Bacteroidetes fosmids from the
BPLR (S3: 95) and NAST (S18: 79) of the Northern Atlantic, which extends the initial
dataset to a total of 250 fosmids. Re-assembly yielded 226 contigs, which we analyzed in
terms of peptidases, CAZymes and putative PULs with a special focus on possible
polysaccharide substrates, and on the question as to whether differing oceanic provinces

select for Bacteroidetes clades with different CAZyme repertoires.

Results and Discussion

Characterization of the dataset

The initial 76 fosmids (S3: 40; S18: 36) were pooled with 154 newly sequenced putative
Bacteroidetes fosmids (S3: 84; S18: 70) and re-assembled. This way, 107 contigs were
obtained from S3 and 95 contigs from S18. Some of the new fosmids were selected for
sequencing due to high similarity of their end-sequences to previously sequenced fosmids.

Thereby it was possible to extend some of the initial fosmids and to obtain assemblies of
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up to 85.4 kbp (S3) and 72.2 kbp (S18). In addition, 14 putative PULs were retrieved that
were not obtained before. Additional fosmids (S3: 11; S18: 9) were selected in order to
possibly extend these PUL-carrying fosmids, which after assembly yielded additional 24
contigs (S3: 14; S18: 10). In summary, the total dataset comprised 250 fosmids (S3: 135;
S18: 115) that were re-assembled to 226 contigs (S3: 121; S18: 105) of 8.8 Mbp (S3:
4.7 Mbp; S18: 4.1 Mbp).

Based on gene content 96% (S3) and 92% (S18) of the contigs affiliated with
Bacteroidetes. Thus the error of selecting Bacteroidetes fosmids based on information
from combined ~1.4 kbp Sanger sequenced end sequences was comparable to the ~5%
error_of PCR-based screening (Gomez-Pereira et al., 2012). Sequenced non-
Bacteroidetes contigs affiliated with the Planctomycetes-Verrucomicrobia-Chlamydia
(PVC)-cluster and with Proteobacteria. On class level 95% of the Bacteroidetes contigs
affiliated with Flavobacteriia at S3 and 94% at S18, of which 96% affiliated with the family
Flavobacteriaceae at both stations. On genus level (Fig. 1) S3 contigs affiliated most
frequently with Polaribacter (39)%, Flavobacterium (13%), Dokdonia (6%) and Gramella
(6%), whereas S18 contigs most frequently affiliated with Dokdonia (25%),
Leeuwenhoekiella (17%), Flavobacterium (11%) Robiginitalea (8%), Polaribacter (7%),
and Croceibacter (7%). The numbers obtained for Polaribacter are in good agreement with
in situ Polaribacter abundances that were previously determined by catalyzed reporter
deposition fluorescence in situ hybridization (CARD-FISH) of the same samples (Gémez-
Pereira_et al., 2010). However, Gramella was not detected using CARD-FISH at both
stations, and Leeuwenhoekiella and Dokdonia were only detected at station 18 with
abundances below 1% (Gomez-Pereira et al., 2010). Such discrepancies are expected,
since our taxonomic affiliations are based on gene BLASTp and HMMer database
similarity searches and thus biased towards publically available sequenced Flavobacteriia.
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Bacteroidetes' peptidases and CAZymes
The numbers of predicted peptidase genes agree by and large with previously published
values of Gomez-Pereira et al. (2012). The dataset from NAST station 18 had significantly
higher peptidase frequencies than the one from BPLR station 3 (Fig. 2A), and in both
cases, peptidase frequencies exceeded those of glycolytic CAZymes (GHs, CEs, PLs) by
a factor of 1.7 and 2.9, respectively (S3: 25.5 Mbp™ vs. 14.7 Mbp™"; S18: 37.4 Mbp™ vs.
13.1 Mbp™"; Table 1; Fig. 2B, C). Quantitative comparison of peptidase and CAZyme gene
numbers based on automatic predictions may contain a certain amount of error due to the
involvement of different databases of different sizes and different E-value thresholds.
However, our findings are in agreement with the observation that most sequenced
genomes of marine Bacteroidetes feature higher numbers of peptidase than CAZyme
genes (Fernandez-Gémez et al., 2013; Xing et al., 2015). Especially planktonic
Bacteroidetes with small to average-sized genomes tend towards higher
peptidase:CAZyme ratios. In contrast, alga-associated Bacteroidetes species feature
mostly CAZyme-rich large genomes where the combined number of CAZyme genes can
exceed those of peptidase genes (Xing et al., 2015). Thus, higher peptidase to CAZyme
ratios would be expected for planktonic Bacteroidetes from open ocean sites, in particular
at a more oligotrophic site like station 18. Our results indicate that proteins (and amino
acids) contribute substantially to carbon and nitrogen uptake in open ocean Bacteroidetes.
The number of peptidase families was also higher at station 18 (S3: 44; S18: 55) as were
the frequencies of some individual families such as C40, C44, M38, M42, S09X, S12 and
S54, whereas others such as M16B, M50B, SO08A and S45 family peptidases were more
frequent at S3 (Fig. 2B).
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Genes for polysaccharide binding (susD) and GH genes exhibited about equal
frequencies in both datasets, while TonB-dependent receptor and sulfatase genes were
1.6 to 1.7-fold more frequent in S3 than in S18 contigs (5.1 vs. 3.2 and 6.4 vs. 3.7 Mbp™;
Table 1; Fig. 2A). The latter indicates a higher prevalence of sulfated algal
polysaccharides at the polar station S3, which agrees with higher chlorophyll a
measurements at this station (S3: 0.7 ug I''; $19: <0.1 pg I''; Gdmez-Pereira et al., 2010).
CBM-containing genes were three times more frequent at NAST station 18 than at BPLR
station 3'(3.9 vs. 1.3 Mbp™). Most of them belonged to the peptidoglycan- or chitin-binding
CBM50 family (Fig. 2C). This agrees with the analysis of the initial dataset by Gémez-
Pereira (2012), who reported higher numbers of peptidoglycan degradation genes at
station 18 versus station 3.

Among the most frequent GH families (Fig. 2D), some were about equally represented
in contigs from both stations, e.g. GH16 and GH23, whereas for example GH3 (a family
comprising diverse functions) and GH92 (a family comprising mostly alpha-mannosidases)
were more frequent in the S3 dataset than on S18 contigs (GH3: 1.9 vs. 1.2 Mbp™"; GH92:
1.7 vs. 0.5 Mbp™). In the less abundant families, GH2 members were found at higher
frequencies in S3 contigs (1.1 vs. 0.2 Mbp™'), whereas families GH73, GH5 and GH43
were found at higher frequencies in S18 contigs (GH73: 0.2 vs. 1.0 Mbp™"; GH5: 0.2 vs.
0.7 Mbp™; GH43: 02. vs. 0.7 Mbp™"). Among the GH families with at least two members in
either of the datasets GH106 (0.6 Mbp™') and GH109 (0.4 Mbp™') were found only at station
3, GH13 (1.0 Mbp™") and GH65 (0.5 Mbp™) only at station 18, and ten GH families were
found at both stations (GH2, 3, 5, 10, 16, 23, 43, 73, 92, 113). Within the entire dataset 14
putative PULs were detected (S3: 6 and S18: 8; Fig. 3, 4) comprising 40 GHs of 17
families. In order to gain insights on possible polysaccharide substrates we conducted in-

depth manual annotation of these PULs (Table S2).
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Commonalities between PULs from both stations
GH16 was among the most frequent GH families in the dataset (Fig. 2D). Five GH16
genes were found in four of the putative PULs, namely on contigs VISS3 015 and
VISS3_033 from station S3 (Fig. 3) and VISS18 021 and VISS18 090 from station S18
(Fig.- 4). An extracellular location was predicted for all corresponding GH16 proteins
(Table S3). The family GH16 comprises various enzymatic activities (Michel et al., 2001;
Eklof et al., 2013; Lombard et al., 2014) and thus phylogenetic analyses are required to
determine specificities of GH16 members. Such analyses suggested that the encoded
GH16_enzymes are beta-1,3-glucanases usually referred to as laminarinases (Fig. S2).
These laminarinases encompass enzymes that act on different types of biologically
unrelated beta-1,3-glucans, and only few of these enzymes are specific for genuine
laminarin (Labourel et al., 2014). Laminarin (a beta-1,3-glucan with occasional beta-1,6
branching) is the storage polysaccharide of brown algae (Michel et al., 2010) and of
diatoms' (known as chrysolaminarin; Beattie et al, 1961) and belongs to the most
abundant polysaccharides on Earth. Four of the GH16 enzymes (S3: ORFs
VISS3_015_23, VISS3_033_04; S18: ORFs VISS18_021_09, VISS18_090_12) belong to
a clade_that contains ZgLamAghis from Z. galactanivorans DsiJ7 (Fig. S2). ZgLamAgt1s
features an extra loop leading to a bent active site that provides high specificity for genuine
algal beta-1,3-glucans (Labourel et al., 2014). The fifth GH16 on contig VISS3 015 (ORF
VISS3 015 21) clustered with two functionally uncharacterized GH16 from
Flavobacterium species. It might be distantly related to the clades containing ZgLamB and
ZgLamC (Fig. S2), which do not possess the characteristic ZgLamAgn1s loop and act on
beta-1,3-glucans and mixed-linkage (beta-1,3-1,4) glucans (Labourel et al., 2015). ORF
VISS3 015 21 might encode a similar broad specificity beta-glucanase.
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The predicted GH16 laminarinase genes in all four PULs are each co-located with a
GH3 family gene. Two (ORFs VISS3 015 22, VISS3 033 03) of these four GH3 genes
were predicted to code for beta-glucosidases and two (ORFs VISS18 021 08,
VISS18 090_13) for beta-glycosidases (Fig. S3). These GH3 enzymes likely hydrolyze
terminal beta-D-glucosyl residues from oligo-laminarin.

CAZyme analysis also suggested xylose-rich polysaccharides as potential substrates
at both stations. Particularly interesting in this context is the PUL on the extended S3
contig VISS3 016 (VISS3_016 + VISS3_057; Fig. 3). This PUL harbors a gene that codes
for a putative modular enzyme with an N-terminal sulfatase and a C-terminal GH10 family
xylanase (ORF VISS3 016 _05). The physical link between these two enzymatic activities
indicates degradation of a sulfated xylose-rich polysaccharide. This is further supported by
presence of two sulfatase genes (ORFs VISS3 016 02, VISS3 016 _03) and a predicted
GH3 family beta-1,4-xylosidase gene (ORF VISS3 016_04; Fig. S3) in this PUL. Xylan
metabolism GHs and sulfatases were also predicted in the PUL on contig VISS18_012
(Fig. 4)::a GH3 family xylan 1,4-beta-xylosidase (ORF VISS18_012_31; Fig. S3), a GH10
family endo-beta-1,4-xylanase (ORF VISS18 012_17), and a GH43 family beta-
xylosidase/alpha-L-arabinofuranosidase (ORF VISS18 012_15). This PUL is more
complex than the PUL from VISS3_016, since it codes for additional CAZymes: a GH10
(ORF VISS18 012_32), a GH30 (ORF VISS18 012_22), a PL9 polysaccharide lyase
(ORF VISS18_012_18), a CE1 carbohydrate esterase (ORF VISS18 012_09), and no
less than six sulfatases (ORFs VISS18 012, 19, 20, 21, 29, 30, 32). Adjacent to
the GH43 and GH10 genes a xyloside transporter gene (xynT) was predicted, which might
transport xyloside into the cytoplasm, where it is further converted to xylulose-5-phosphate
via xylose and xylulose. The respective genes xylA (xylose-isomerase) and xy/B (xylulose-
kinase) were identified downstream of the PUL. Neutral xylan occurs in red and green
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algae (Popper et al., 2011), and sulfated xylan has been found in the red macroalga
Palmaria palmata (Deniaud et al., 2003). Likewise, exopolysaccharides (EPS) of some
diatoms and bacteria are sulfated and rich in xylose.

The predicted capacity to decompose Ilaminarin and xylan or xylose-rich
polysaccharides agrees with findings of Arnosti et al. (2012), who demonstrated the
potential for laminarin and xylan hydrolysis using fluorescein-labeled polysaccharides at
BPRL station 3 and NAST station 19 of the same cruise (Fig. S1). Laminarin and sulfated
xylose-rich polysaccharides are probably more prevalent at the northern BPLR station 3
than at NAST station 18, since S3 is located at the lower border of the East Greenland
Current, which transports cold, low saline, but nutrient- and phytoplankton-rich waters from
the Arctic Ocean alongside the eastern coast of Greenland southwards (Bersch, 1995),

while the NAST is a typical oligotrophic "blue" ocean (Longhurst, 2006).

Additional PULs from BPLR station 3
The extended contig VISS3 113 (VISS3_041 + VISS3_113; 64.5 kbp) encodes a PUL with
two predicted GH106 alpha-rhamnosidase genes (ORFs VISS3 113 01, VISS3 113 _16).
Alpha-L-rhamnosidases are known to cleave terminal alpha-L-rhamnose from cell wall
polysaccharides of plants (in rhamnogalacturonans) and green algae (ulvans, a family of
sulfated xylorhamnoglucuronans) (Naumoff and Dedysh, 2012; Lahaye and Robic, 2007;
Martin et al., 2014; Popper et al., 2011). This PUL also contains two carbohydrate
sulfatase genes (ORFs VISS3 113 14, VISS3 113 17) and a non-classified GH (ORF
VISS3 113 10), which could act in synergy with the GH106 enzymes in the degradation of
sulfated rhamnose-containing polysaccharides.

Contig VISS3_069 has been classified as Psychroflexus-related. Known Psychroflexus

spp. are psychrophilic, colonize surfaces of sea-ice diatoms (Sullivan and Palmisano,
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1984; Bowman et al.,, 1998), and use a rather narrow range of substrates, possibly
obtained. from diatom EPS (Malinsky-Rushansky and Legrand, 1996). Contig VISS3 069
harbors a putative PUL with genes involved in xylan metabolism. There is a putative CE2
family acetyl-xylan esterase (ORF VISS3_069_11), involved in deacetylation of xylans and
xylo-oligosaccharides, and a protein of unknown function containing a CBM9, a module
which has so far been only found in xylanases (Lombard et al., 2014). This PUL also
codes for enzymes that likely take part in degradation of mannan or mannose-rich
glycoproteins: two putative GH92 family alpha-1,2-mannosidases (ORFs VISS3 069 22,
VISS3 069 28), a putative GH20 hexosaminidase (ORF VISS3 069 14), which may act
on N-acetylmannosamine (Senoura et al., 2011), and a GH130 family enzyme (ORF
VISS3 069 26). The GH130 family comprises beta-1,4-mannooligosaccharide
phosphorylase, an enzyme that is involved in a novel mannan catabolic pathway (Senoura
et al., 2011). Since this PUL lacks any obvious endo-polysaccharidase it is probably
incomplete. Xylans and mannans are part of plant cell walls, but they are also found in red
algae (Popper et al., 2011) and they play an important structural role in diatom cell walls
(Hecky et al., 1973). However, land plant biomass is a more likely source for non-sulfated
xylans and ‘mannans at the BPLR station 3, since the Arctic Ocean water that is
transported with the East Greenland Current towards station S3 is 7-fold to 16-fold richer
in terrigenous dissolved organic matter than the Atlantic and Pacific Oceans (Benner et al.,
2005) and includes high amounts of land plant material such as driftwood (Hellmann et al.,
2013).

Contig VISS3 097 has been classified as Cellulophaga-related. Cellulophaga species
are known to be associated with diatoms and macrophytes from cold marine waters, e.g.
C. algicola (Bowman, 2000). This PUL on this contig contains a sulfatase (ORF
VISS3 097 _09), two putative GH92 family alpha-1,2-mannosidases (ORFs
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VISS3 097_13, VISS3 097 _22) and a putative GH32 family levanase (ORF
VISS3 097 _05). The latter might hydrolyze 2,6-beta-D-fructofuranosidic linkages in 2,6-
beta-D-fructans. Fructans (or levans for bacteria) can be synthesized by green algae or
bacteria. Bacterial fructans are produced extracellularly and generally composed of beta-
2,6-linked fructosyl residues linked to a terminal glucose, such as for example in
Lactobacillus and Streptococcus species (Corrigan and Robyt, 1979; Hendry, 1993; Van
Geel-Schutten et al., 1999). Therefore, this PUL might be dedicated to the degradation of
sulfated EPS containing mannose and/or fructose residues.

Contig VISS3_052 did not contain the characteristic susCD gene pair of PULs, but it
might _constitute a partial PUL as indicated by the presence of five sulfatases (ORFs
VISS3 052, 20, 21, 22, 25, 26), one putative sugar transporter, a carbohydrate
kinase, two sugar isomerases and a fructose-1,6-bisphosphate aldolase gene. Two genes
(ORFs VISS3 052 12, VIS3 052 24) on this contig share remote similarities with

glycoside hydrolases, but no sufficient similarity to be annotated as such.

Additional PULs from NAST station 18

The PUL on contig VISS18 034 encodes two predicted GH13 family alpha-amylases
(ORFs-VISS18 034_02, VISS18 034 _03) from distinct subfamilies (Stam et al., 2006). In
phylogenetic reconstruction (Fig. S5), ORF VISS18 034 03 clustered with two GH13_7
subfamily alpha-amylases from Thermococcus species, suggesting lateral gene transfer
(LGT). In contrast, ORF VISS18 034 02 belongs to the GH13_20 subfamily that includes
cyclomaltodextrinase, neopullulanase and maltogenic amylase. In comparison to classical
alpha-amylases, these enzymes, and also ORF VISS18 034 02, feature an extra domain
that participates in dimer formation (Lee et al, 2002; Stam et al, 2006).

Cyclomaltodextrinases effectively hydrolyze cyclomaltodextrin, a circular sugar derived
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from starch degradation, whereas the degradation of starch and pullulan is less effective
(Lee et al., 2002). The PUL also contains a putative GH31 family alpha-glucosidase (ORF
VISS18 034 01), which hydrolyzes the oligosaccharides released by alpha-amylases.
Therefore, this PUL likely targets an alpha-1,4-glucan, which is for example produced by
some bacteria as storage compound during stationary growth (Preiss, 1984; Field et al.,
1998). Usage of bacterial polysaccharides by Bacteroidetes may be of higher relative
importance at NAST station S18 since algae were less abundant than at the BPLR station
S3 (Table S1).

The PUL on contig VISS18 001 encodes a predicted GH32 family beta-
fructofuranosidase (ORF VISS18 001 _23). These enzymes hydrolyze terminal non-
reducing beta-D-fructofuranoside residues in beta-D-fructofuranosides (for instance
sucrose). The PUL also encodes a putative GH65 family maltose phosphorylase (ORF
VISS18 001_20). These enzymes add phosphate to maltose, resulting in D-glucose and
beta-D-glucose-1-phosphate.

The PUL on contig VISS18_040 contains enzymes involved in starch and sucrose
metabolism, such as a predicted GH65 family maltose phosphorylase (ORF
VISS18.040 30) and GH43  family  xylosidase/arabinofuranosidase (ORF
VISS18_040_21). This PUL also contains a putative GH20 beta-N-acetylhexosaminidase
(ORF VISS18 040_01), a GH5_13 glycoside hydrolase that may target beta-mannan
(ORF VISS18 040_04; Fig. S4; Aspeborg et al., 2012), a putative GH109 alpha-N-
acetylgalactosaminidase (ORF VISS18 040 13), and a GH of unknown specificity (ORF
VISS18 040 03). Furthermore, the PUL contains a predicted GH78 family alpha-L-
rhamnosidase (ORF VISS18_040_07) and four sulfatases (ORFs VISS18 040_12, 14,
~16, 20; family S1 and subfamilies 8, 9, 16, 20; Table S2), similar to the PUL of S3
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contigs VISS3_113 + VISS3_041. These enzymes may be involved in the hydrolysis of
sulfated polysaccharides (e.g. algal ulvans).

Annotations did not provide sufficient information for hypotheses on possible
substrates for PUL-containing contigs VISS18 065 and VISS18 083 + VISS18 044
(Fig. 4). Contig VISS18_083 + VISS18_044 harbors a putative CBM32-containing GH92
alpha-1,2-mannosidase gene (ORF VISS18 083 32) and a putative CE10 gene, whereas
contig VISS18_065 featured a susC-susD gene pair, but otherwise no matches to the

CAZy database.

Comparative analysis of PULs
Some of the analyzed PUL-containing contigs share regions of high DNA sequence
similarity. Such homology was observed not only among PULs from the same sampling
station, but also between PULs from both stations. For instance, two regions of contigs
VISS3 052 and VISS3_041 + VISS3 113 are highly similar (Fig. S6A). The first
(VISS3_052: 12.89-15.82 kbp; VISS3_041 + VISS3_113: 51.28-54.32 kbp) comprises two
(L-arabinose isomerase, sulfatase) and the second (VISS3 052: 23.54-33.45 kbp;
VISS3 041 + VISS3_113: 12.00-22.81 kbp with a small insertion at 19.54-20.10 kbp)
seven genes (membrane protein, L-lactate dehydrogenase, carbohydrate kinase, sugar
isomerase, short-chain dehydrogenase, fructose-1,6-bisphosphatase, transcriptional
regulator - GntR family). Likewise, contigs VISS3_069 (26.60-28.87 kbp) and VISS3_097
(13.11-15.36 kbp) share a region of high DNA similarity that encodes a GH92 family
enzyme (Fig. S6B).

BPLR contigs VISS3 016 + VISS3_057 and the NAST contig VISS18_012 have a
highly similar region harboring homologous GH3 family genes, neighbored by three non-

homologous sulfatase genes on both contigs (Fig. S6C). Similarly four of the putative
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laminarinase-containing contigs from both stations (BPLR: VISS3_015, VISS3 033;
NAST: VISS18 021, VISS18 090) exhibited a high level of sequence conservation
(Fig. S6D).

Comparative genomics suggests that lateral gene transfer (LGT) is frequent among
human gut Bacteroidetes (Coyne et al., 2014), including exchange of CAZymes and entire
PULs (Hehemann et al., 2010; Hehemann et al., 2012b; Martens et al., 2014). We found
homologous regions in more than half of the PULs that we analyzed, which suggests that
such LGT events might occur also rather frequently among marine Bacteroidetes. These
analyses also suggest that parts of PULs can be laterally transferred and act as
recombination modules in PUL evolution. Whether entire PULs can be laterally transferred
from Bacteroidetes to non-Bacteroidetes is an open question. The fact that susD genes
have so far only been found in Bacteroidetes suggests some type of recombination barrier

that prevents establishment of a Bacteroidetes-like SusC - SusD interaction in other phyla.

Conclusions

Although a fosmid-based approach is more laborious and comes at a much higher cost per
base than a shotgun metagenome approach, it has the advantage of being targeted, since
fosmid-libraries can be end-sequenced and screened for clones from dedicated taxa, and
it'is guaranteed to provide sequences that are long enough for the study of larger gene
arrangements such as PULSs.

In their initial study, Gémez-Pereira et al. (2012) concluded that Bacteroidetes at the
BPLR station S3 were richer in polysaccharide degradation genes than at NAST station
S18, who in turn had higher peptidase gene frequencies. Our analysis of the extended
fosmid dataset confirmed higher peptidase frequencies at NAST, but higher CAZyme

frequencies at the BPLR station could not be substantiated. In the present study, we
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particularly focused on in-depth manual annotation of CAZymes and CAZyme genome
clusters so as to provide a more substantial idea of their activity beyond automated
assignment to diverse enzyme families based on bioinformatic tools. Although frequencies
of CAZymes were not different between stations, composition of the respective CAZyme
sets clearly was, and the prevalence of sulfatases was notably higher at BPLR than at
NAST. This agrees with results of Arnosti et al. (2012), who found the microbial community
at the BPLR station 3 to be capable of degrading the sulfated polysaccharides chondroitin
and fucoidan at a faster rate than at the NAST station 19 of the same cruise. Fittingly, co-
localizations of sulfatases and GHs were found on six of the 121 S3 contigs (including
fosmids S3-860 and S3 DL _C5 reported by Gomez-Pereira et al. (2012) not shown in
Fig. 3), but only on two of the 105 S18 contigs. Sulfated polysaccharides are produced in
large quantities by marine algae, which were more abundant at BPLR station 3 than at
NAST station 18 (Table S1). This means that the relative contribution of carbon from
amino_acids/peptides and from non-algal organic matter was higher at NAST station 18
than at BPLR station 3, which is reflected in (i) higher peptidase frequencies, (ii) higher
frequencies of GHs for the hydrolysis of bacterial or animal alpha-1,4-glucans, and (iii) a
higher prevalence of CBM50 genes that might cleave either bacterial peptidoglycan or
animal-chitin. Conversely, higher frequencies of GH92 mannosidases at BPLR station 3
support a higher importance of algal- and (see below) plant-derived polysaccharides at this
station.

PUL comparisons indicated that sulfated xylan-rich polysaccharides and algal
laminarin are possibly among the more frequent polysaccharide substrates for open ocean
Bacteroidetes. One PUL at each station contained putative xylan-specific genes and
sulfatases, suggesting xylan-rich polysaccharide of marine origin as substrates (e.g. from
algal EPS). Four out of the 14 PULs in our dataset were likely laminarin-specific. Similar
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PULs have been identified in other members of the Bacteroidetes (Kabisch et al., 2014),
suggesting that such PULs are widespread and of global importance. This underpins the
importance of laminarin as substrate in the marine realm, also in the open ocean.

The dataset presented in this study demonstrates that the CAZyme repertoire of
Bacteroidetes in open ocean sites such as the BPLR station 3 and the NAST station 18 is
diverse and even comprises families such as GH10, 43, 78 and 106 that have been
suggested to be characteristic for Bacteroidetes feeding on land plant biomass (Kolton et
al. 2013). Marine plants and algae produce some polysaccharides that are usually found in
terrestrial plants. Rhamnogalacturonans and xylans for example are present in land plant
hemicelluloses, but rhamnogalacturonans are also constituents of pectins in marine
angiosperms, and xylans have also been found as a form of cell covering in some marine
algae (Okuda, 2002) or as cell wall components in some diatoms (Wustman et al., 1998;
Murray et al., 2007). Presence of the above mentioned GH families, at least at BPLR
station 3, may, however, be most likely explained by the station’s location within the East
Greenland Current, that transports ample terrigenous organic matter including plant
material (Benner et al., 2005; Hellmann et al., 2013). This would also explain the finding of
a partial PUL with xylan- and mannan-specific genes without sulfatases at this station.

At oligotrophic open-ocean sites algal and bacterial polysaccharides are produced in
much lower amounts than at eutrophic sites. Therefore these energy-rich compounds are
particularly valuable at open ocean sites, and consequently heterotrophic bacteria exist at
such sites that can consume these polysaccharides when they become available. As in
other habitats, the Bacteroidetes seem to play a key role in such turnover of complex
organic matter also in open oceans. It will be up to future systematic studies to inventory
the PUL repertoire of marine Bacteroidetes in a comprehensive manner and to explore,
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which individual PULs are ubiquitously distributed and thus most important in marine

habitats.

Experimental Procedures

Study sites and fosmid library preparation

Samples were taken in the North Atlantic Ocean during the VISION cruise MSM03/01 on
board of R/ Maria S. Merian in September 2006 (Fig.S1, Table S1). Fosmid
metagenome libraries were constructed from surface water of two contrasting oceanic
provinces. Samples from station 3 (S3) were collected in the Boreal Polar province
(65°52.64° N, 29°56.54" W) and samples from station 18 (S18) in the North Atlantic
Subtropical province (34°04.43’ N, 30°00.09' W). Libraries of 35,000 (S3) and 50,000
(S18) fosmids were constructed for both sites. Subsequently, 16,938 (S3) and 16,266
(S18) high-quality end sequences were generated by sequencing inserts from both sites
using the Sanger technique. Details have been described elsewhere (Gémez-Pereira et

al., 2010; Gomez-Pereira et al., 2012).

Selection and sequencing of fosmids

End sequences were mapped on the 76 previously sequenced fosmids from both libraries
in order to detect connecting fosmids. Using a sequence identity threshold of 94.5% or
higher, 43 (S3) and 27 (S18) connecting fosmid candidates were identified. Twenty of
these had the potential to prolong partial PULs on the previously sequenced fosmids.
These were sequenced at LGC Genomics (LGC Genomics GmbH, Berlin, Germany) using
the 454 FLX Ti platform and assembled using Newbler. Further 104 putative Bacteroidetes
fosmids were selected based on BLASTx hits of end-sequences to the NCBI non-

redundant protein sequence databases with a rank-based evaluation similar as proposed
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by Podell and Gasterland (Podell and Gaasterland, 2007), phylogenetic reconstructions
based on HMMer 3 searches of all-frame translated end sequences against the Pfam v. 25
database (Krause et al., 2008) and an evaluation of end sequence tetranucleotide usage
patterns (Teeling et al., 2004). These fosmids and the remaining 50 connecting fosmid
candidates were sequenced at Genoscope (Evry Cedex, France) using the 454 FLX Ti
platform and assembled using Newbler as described previously (Gémez-Pereira et al.,

2010; Gomez-Pereira et al., 2012). The final dataset comprised 250 fosmids.

Fosmid re-assembly
Fosmid 'sequences were pooled by station and then re-assembled with SegMan
(Lasergene 8 software suite, DNAStar Inc., Madison, WI, USA). The default setting was

used. The assembly quality was checked via the program's strategy view option.

Taxonomic classification
Taxonomic affiliation of sequenced fosmids was done as described for end sequences
based on combined analysis for all genes of BLASTp hits to the NCBI non-redundant

protein database and HMMer 3 hits to the Pfam v. 25 database (Table S4).

Automated gene prediction and annotation

Gene prediction and annotation of all 226 contigs was done via the RAST server (Aziz et
al., 2008). The RAST gene calls and annotations of the included 76 published fosmids
differed only marginally from the published ones. Results for all contigs were downloaded
and _subsequently imported into a local installation of the GenDB (v. 2.2) annotation
system (Meyer et al., 2003) for curation. CAZymes were annotated based on HMMER

searches against the dbCAN database (Yin et al., 2012), BLASTp (Altschul et al., 1990)
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searches against the CAZy database (Cantarel et al., 2009; Lombard et al., 2014) and
HMMER  searches against the Pfam v. 28 database (Finn et al., 2010) using E-values
derived from manual annotations of test data (Table S5). CAZymes were only annotated
when at least two of the three database searches yielded positive results. Peptidases were
automatically annotated based on batch BLASTp searches against the MEROPS 9.13
databases (Rawlings et al., 2012) using the default E-value cutoff criterion of 10*. ABC
transporter, TonB-dependent receptor, susD genes and sulfatase genes were
automatically predicted based on HMMer 3 hits to the Pfam v. 28 database at E < 10
using the following profiles: ABC_tran, ABC_membrane, ABC_membrane_2,
ABC._membrane_3, ABC tran_2, ABC2_membrane, ABC2_membrane_2,
ABC2 membrane 3, ABC2 membrane 4, ABC2 membrane 5, ABC2 _membrane 6,
TonB dep_Rec, SusD, SusD-like, SusD-like 2, SusD-like_3 and sulfatase. Annotated
sequences were deposited at NCBI's Genbank (BioSample accessions SAMN04870880

and SAMNO04870884).

Manual CAZyme annotation
CAZymes were identified based on homology with a selected subset of characterized
enzymes from each CAZyme family. Initial annotations were validated by BLASTp
searches against the UniProtKB/SwissProt database as of February 2014 (The UniProt
Consortium, 2014) and HMMer searches against the Pfam v. 27 database (Punta et al.,
2012). Each CAZyme was assigned to a CAZY family and, when possible, to an EC
number. Abundant glycoside hydrolases from the multi-functional families GH3, GH5,
GH13, and GH16 were subjected to an in-depth phylogenetic analysis to determine their
substrate-specificities. Experimentally characterized proteins (Table S6) were selected
from the CAZy database for each activity within a given GH family and aligned to their
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contig homologs using MAFFT (FFT-NS-i iterative refinement method; BLOSUM62 amino
acid substitution matrix) (Katoh and Standley, 2013). These alignments were used to
calculate model tests and maximum likelihood trees with MEGA v. 6.0.6 (Kumar et al.,
2004) with bootstrapping (100 resamplings). Annotation of ambiguous proteins was refined
based on the proximity to characterized proteins in the phylogenetic trees.

Subcellular locations were predicted using CELLO v. 2.5 (Yu et al., 2006), PSORTb v.
3.0.2 (Yu et al., 2010) and HMMer searches against the TIGRfam profile (Selengut et al.,
2007) TIGR04183 (Por secretion system C-terminal sorting domain). Only unambiguous

consensus predictions were considered as reliable.
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Figure Legends

Fig. 1. Genus-level taxonomic affiliation of contigs obtained from re-assembled fosmid

sequences of metagenomic libraries from station S3 (121 contigs) and S18 (105 contigs).

Fig. 2. Comparison of selected genes on the 121 BPLR station 3 contigs (4.7 Mbp) and
the 105 NAST station 18 contigs (4.1 Mbp). (A) genes for ABC-transporters, TonB-
dependent receptors (TBDRs), SusD-like proteins, CAZymes, sulfatases and peptidases;
(B) peptidase families; (C) CAZyme classes: glycoside hydrolases (GH), carbohydrate
esterases (CE), polysaccharide lyases (PL), carbohydrate-binding modules (CBM) and

glycosyltransferases (GT); (D) GH families ordered by decreasing averages.

Fig. 3. PUL-containing contigs from BPLR station 3. Names, presumed taxonomic

affiliations, lengths and the gene contents are provided for each contig.

Fig. 4. PUL-containing contigs from NAST station 18. Names, presumed taxonomic

affiliations, lengths and the gene contents are provided for each contig.
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Tables
Table 1. Comparison of frequencies of genes involved in organic matter degradation and

uptake between the S3 and S18 contig datasets

Supporting Information

Fig. S1. Map of the VISION cruise track with sampled stations S2 - S19 and boundaries of
the Boreal Polar (BPLR), Arctic (ARCT), North Atlantic Drift (NADR) and North Atlantic
Subtropical (NAST) provinces. Symbol colors represent different water masses as

published in Gémez-Pereira et al. (2010).

Fig. S2. Unrooted phylogenetic tree of the GH16 family glycoside hydrolases present on
contigs VISS3 015, VISS3 033, VISS18 021, and VISS18 090. Phylogenetic trees were
calculated using the maximum-likelihood (ML) approach implemented in MEGA v. 6.0.6
(Kumar et al., 2004). Bootstrap values (100 resamplings) are indicated by numbers on the
tree. The full listing of the aligned proteins is available as supplementary information. Black
diamonds correspond to the GH16 protein sequences from the four contigs. Characterized
GH16 laminarinases from Zobellia galactanivorans (Labourel et al., 2014) are indicated in

bold typeface.

Fig. S3. Unrooted phylogenetic tree of the GH3 family glycoside hydrolases present on
contigs. VISS3 015, VISS3 016, VISS3 033, VISS18_012, VISS18_021, and
VISS18 090. Phylogenetic trees were calculated using the maximum-likelihood (ML)
approach implemented in MEGA v. 6.0.6 (Kumar et al., 2004). Bootstrap values (100
resamplings) are indicated by numbers on the tree. The full listing of the aligned proteins is

available as supplementary information. Back diamonds correspond to the GH3 protein
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sequences from the six contigs.

Fig. S4. Unrooted phylogenetic tree of the GH5 family glycoside hydrolases present on
contigs VISS18 012 and VISS18_040. Phylogenetic trees were calculated using the
maximum-likelihood (ML) approach implemented in MEGA v. 6.0.6 (Kumar et al., 2004).
Bootstrap values (100 resamplings) are indicated by numbers on the tree. The full listing of
the aligned proteins is available as supplementary information. Black diamonds

correspond to the GH5 protein sequences from the two contigs.

Fig. 85. Unrooted phylogenetic tree of the GH13 family glycoside hydrolases present on
contig VISS18_034. Phylogenetic trees were calculated following the maximum-likelihood
(ML) approach. Phylogenetic trees were calculated using the maximum-likelihood (ML)
approach implemented in MEGA v. 6.0.6 (Kumar et al., 2004). Bootstrap values (100
resamplings) are indicated by numbers on the tree. The full listing of the aligned proteins is
available as supplementary information. Black diamonds correspond to the GH13 protein

sequences from contig VISS18 034.

Fig. S6. Mauve (Darling et al., 2010) alignments of PUL-carrying contigs from station 3
and 18. Locally collinear blocks (LCB) that are similar between contigs are depicted in
identical colors and connected by lines. Within each LCB a similarity profile is shown. The
height of the profile corresponds to the average level of conservation in the respective

region. Genes and their annotations are shown below the LCBs.
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Table S1. Overview of sampling stations S3 and S18 of the 2006 VISION cruise of the
research. vessel Maria S. Merian (cruise MSMO03/01). Further details are provided in

Gbémez-Pereira et al. (2010) and Gémez-Pereira et al. (2012).

Table S2. Carbohydrate-active enzymes in the PUL-containing contigs from stations S3
and S18. Annotations include gene identifiers (locus tags), closest characterized
homologues, and EC numbers. The percentage of sequence identity is indicated in
parentheses. Annotations in blue indicate genes whose functions have been determined

by phylogenetic reconstruction.

Table S3. Predictions of the subcellular locations of the carbohydrate-active enzymes in

the PUL-containing contigs from stations 3 and 18.

Table S4. Predicted taxonomic affiliations of the S3 and S18 contigs based on evidences
derived from the gene's BLASTp hits to the NCBI nr database and HMMERS hits to the

Pfam v. 25 database.

Table S5. E-value thresholds used for automated CAZyme family detection. Searches
were performed against the CAZy database, the dbCAN database and the Pfam database
using the indicated E-value thresholds. CAZymes were only annotated when at least two

of the three database searches yielded positive results.

Table S6. NCBI GenPept labels and accession numbers of the GH3, GH5, GH13 and

GH16 proteins that were used in phylogenetic analyses.
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Polaribacter (39%)
Flavobacterium (13%)
Dokdonia (6%)
Gramella (6%)
Psychroflexus (5%)
Kordia (4%)
Leeuwenhoekiella (4%)
Capnocytophaga (4%)
Croceibacter (3%)
Cellulophaga (3%)
Robiginitalea (3%)
Microscilla (2%)
Bacteroides (1%)
Akkermansia (1%)
Chitinophaga (1%)
Planctomyces (1%)
Chthoniobacter (1%)
Sphingobacterium (1%)
Pedobacter (1%)
Pseudomonas (1%)

0 o |
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Dokdonia (25%)
Leeuwenhoekiella (17%)
Flavobacterium (11%)
Robiginitalea (8%)
Polaribacter (7%)
Croceibacter (7%)
Kordia (4%)
Zunongwangia (4%)
Gramella (2%)
Roseobacter (2%)
Pseudomonas (1%)
Paludibacter (1%)
Algoriphagus (1%)
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Rhodopseudomonas (1%)
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Maribacter (1%)
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Riemerella (1%)
Rhodobacter (1%)
Capnocytophaga (1%)
Cellulophaga (1%)
Microscilla (1%)

Fig. 1. Genus-level taxonomic affiliation of contigs obtained from re-assembled fosmid sequences of metagenomic libraries from station S3 (121

contigs) and S18 (105 contigs).
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VISS3_015, 1 - 43,599 bp (genus-level taxonomic classification: Gramella-affiliated)
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VISS3_016 + VISS3_057 (rev), 1 - 68,896 bp (genus-level taxonomic classification: Polaribacter-affiliated
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VISS3_033, 1 - 40,835 bp (genus-level taxonomic classification: Flavobacterium-affiliated
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VISS3_041 + VISS3_113, 1 - 64,498 bp (genus-level taxonomic classification: Leeuwenhoekiella-affiliated
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VISS3_052, 1 - 37,849 bp (genus-level taxonomic classification: Flavobacterium-affiliated)
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Fig. 3. PUL-containing contigs from BPLR station 3. Names, presumed taxonomic affiliations, lengths and the gene contents are provided for each contig.
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VISS18_001, 1 - 72,256 bp (genus-level taxonomic classification: Dokdonia-affiliated)
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VISS18_012, 1 - 45,287 bp (genus-level taxonomic classification: Flavobacterium-affiliated)
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VISS18_021, 1 - 42,230 bp (genus-level taxonomic classification: Flavobacterium-affiliated)
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VISS18_034, 1 - 40,702 bp (genus-level taxonomic classification: Flavobacterium-affiliated)
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VISS18_040, 1 - 39,941 bp (genus-level taxonomic classification: Bacteroides-affiliated)
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VISS18_065, 1 - 35,415 bp (genus-level taxonomic classification: Capnocytophaga-affiliated)
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VISS18_083 (rev) + VISS18_044, 1 - 69,593 bp (genus-level taxonomic classification: Dokdonia-affiliated)
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VISS18_090, 1 - 32,622 bp (genus-level taxonomic classification: Robiginitalea-affiliated)
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Fig. 4. PUL-contBiSnadinigshas Reensacseptad et publication it undesaonrefil.pest rrrievnbut hashwB@sBach contig.
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Table 1. Comparison of frequencies of genes involved in organic matter degradation and

uptake between the S3 and S18 contig datasets.

genes / Mbp S3 S18

ABC transporters genes* 8.1 8.5
TonB-dependent receptor genes* 5.1(8.1) 3.2(5.9)
susD genes* 3.4 3.2
CAZymes** 29.5 29.7
GHs 11.1 10.7
CBMs 1.3 3.9
CEs 3.4 2.2
PLs 0.2 0.2
GTs 13.5 12.7
GHs + CEs + CLs 14.7 13.1
sulfatase genes* 6.4 3.7
peptidase genes*** 25.5 37.4

*_HMMer 3 searches against the Pfam v. 28 database with E < 10™.
Values for ABC transporter and susD genes were determined by
combining all genes with hits to any of the following profiles:
ABC _tran, ABC_membrane, ABC_membrane_2, ABC_membrane_3,
ABC_tran_2, ABC2_membrane, ABC2_membrane_2, ABC2_membrane_3,
ABC2 membrane 4, ABC2 _membrane_5, ABC2_membrane 6, as well as
SusD, SusD-like, SusD-like_2, and SusD-like 3.
Values for TonB-dependent receptor genes were determined using the TonB_dep_rec
profiles from October 2014 and 2012 (values in brackets). Both TonB_dep_rec profiles
predicted lower numbers as was suggested by BLAST-based database similarity searches.
Combined results of BLASTp searches against the CAZy database,
HMMer searches against the Pfam v. 28 database and the dbCAN
database with manually adjusted E-value thresholds (Teeling et al.,
2016).
**Batch BLASTp searches against the MEROPS 9.13 database with E< 10
(the database is small, hence E< 10™ is considered significant).
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