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Abstract
Marine Bacteroidetes that degrade polysaccharides contribute to carbon
cycling in the ocean. Organic matter, including glycans from terrestrial
plants, might enter the oceans through rivers. Whether marine bacteria
degrade structurally related glycans from diverse sources including terres-
trial plants and marine algae was previously unknown. We show that the
marine bacterium Flavimarina sp. Hel_I_48 encodes two polysaccharide uti-
lization loci (PULs) which degrade xylans from terrestrial plants and marine
algae. Biochemical experiments revealed activity and specificity of the
encoded xylanases and associated enzymes of these PULs. Proteomics
indicated that these genomic regions respond to glucuronoxylans and arabi-
noxylans. Substrate specificities of key enzymes suggest dedicated meta-
bolic pathways for xylan utilization. Some of the xylanases were active on
different xylans with the conserved β-1,4-linked xylose main chain. Enzyme
activity was consistent with growth curves showing Flavimarina
sp. Hel_I_48 uses structurally different xylans. The observed abundance of
related xylan-degrading enzyme repertoires in genomes of other marine
Bacteroidetes indicates similar activities are common in the ocean. The
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here presented data show that certain marine bacteria are genetically and
biochemically variable enough to access parts of structurally diverse xylans
from terrestrial plants as well as from marine algal sources.

INTRODUCTION

Complex carbohydrates photosynthetically produced
by marine algae or of terrestrial origin (Field, 1998) can
sequester carbon in the ocean (Bligh et al., 2022;
Repeta & Aluwihare, 2006). Such polysaccharides are
major components of land plants and marine algal bio-
mass (Becker et al., 2020; Kraan, 2012). They serve as
intracellular energy storage, structural cell wall compo-
nents (Kloareg & Quatrano, 1988) and extracellular
matrix (Bligh et al., 2022; Hoagland et al., 1993). Many
marine bacteria are known to degrade these complex
polymeric structures, especially those produced by
algae (Arnosti, 2011; Teeling et al., 2012; Yeh &
Fuhrman, 2022). Members of the phylum Bacteroidetes
are selected in such glycan-rich environments (McKee
et al., 2021). Recent studies showed the utilization of a
diverse range of algal glycans by members of this phy-
lum (e.g., Barbeyron et al., 2016; Beidler et al., 2023;
Ficko-Blean et al., 2017; Hehemann et al., 2012;
Reisky et al., 2019; Robb et al., 2022; Unfried
et al., 2018). Their carbohydrate-active enzymes, or
CAZymes, are often co-located with transporters and
regulatory proteins in polysaccharide utilization loci
(PULs) within bacterial genomes (Martens et al., 2009).
CAZymes are specific towards their target polysaccha-
ride and its decorations (Bligh et al., 2022; Hehemann
et al., 2014; Reisky et al., 2019), raising the question
whether marine bacteria can also degrade glycans from
terrestrial plants that reach the ocean.

Rivers transport terrestrial plant-derived organic
matter into marine coastal regions (Brockmann, 1994;
Herrmann et al., 2016; Opsahl & Benner, 1997;
Schefuß et al., 2005). The climate change boosters this
carbon input into the ocean by mobilizing soil-bound
organic matter (Hemingway et al., 2017). In the Arctic,
the warming of permafrost soils leads to an increased
mobilization of organic material via river runoff
(Peterson et al., 2002; Raymond et al., 2007; Shogren
et al., 2021; Tranvik & Jansson, 2002). This export of
carbon from land includes material from vascular
plants, which contribute unknown quantities of organic
carbon to the ocean (Cragg et al., 2020). Glycan struc-
tures common in plants, including xylans, have been
detected in sediments close to the coast of the Baltic
Sea (Salme�an et al., 2022). Xylans and other glycans
were also found to sequester carbon in over 1000-year-
old sediments (Vidal-Melgosa et al., 2022) of the Red
Sea. Presence of xylans in these two different oceanic
regions indicates their degradation remains incomplete.
Considering that marine bacteria apparently use them

as a carbon and energy source, as suggested by import
of fluorescent xylans by marine Bacteroidetes
(D’Ambrosio et al., 2014), and enzymatic degradation
of fluorescent xylans added to seawater (Reintjes
et al., 2017), this presence of xylans in marine sedi-
ments remains puzzling. To resolve the role glycans
play for cycling versus sequestration of carbon, differ-
ent perspectives are required, including biochemical
characterization of xylan degrading pathways of marine
bacteria.

Terrestrial xylans occur in cell walls of grains and
wood in form of arabinoxylan, galactoarabinoxylan and
glucuronoxylan sharing a β-1,4-linked D-xylopyranose
main chain (Ebringerov�a, 2005). Besides the combina-
tion with other monosaccharides like arabinose, uronic
acids and galactose, xylans available in the ocean may
also be sulphated, acetylated or phosphorylated. Struc-
tural variability remains inaccessible unless bacteria
have appropriate enzymes to react (Bäumgen
et al., 2021; Deniaud et al., 2003; Hettiarachchi
et al., 2019; Hsieh & Harris, 2019; Huang et al., 2021;
Viana et al., 2011). It has been shown that xylans are
also present in green algae (Chlorophyta/Charophyta)
and red algae (Rhodophyta) (Popper et al., 2011). In
red macroalgae, like Palmaria spp., the backbone is
composed of β-1,4- or β-1,3-linked D-xylopyranose,
depending on species and source (Hsieh &
Harris, 2019; Jensen et al., 2018). β-1,3-xylan struc-
tures were found in cell walls of green algae, like Cau-
lerpa spp. (Lahaye et al., 2003; Mackie &
Percival, 1959). Xylose-containing polysaccharides
have also been detected in microalgae (Francis
et al., 2021; Huang et al., 2021; Vidal-Melgosa
et al., 2021). There are potentially many different,
unknown sources of xylans in the coastal ocean.

Their depolymerization requires dedicated
enzymatic cascades. Degradation of terrestrial xylans
by bacteria has been progressively researched due to
its abundance and ecological relevance (Ferreira
et al., 1990; Gilbert et al., 1992; Gilbert &
Hazlewood, 1993; Gloster et al., 2004; Larsbrink,
Rogers, et al., 2014; Larsbrink, Thompson, et al., 2014;
Rogowski et al., 2015; Tull & Withers, 1994). This exten-
sive previous work led to the discovery that the marine
Bacteroidetes strain Flavimarina sp. Hel_I_48 contains
two PULs with homologues to xylanases from terrestrial
bacteria (PUL I: P162_RS02310-P162_RS02395; PUL
II: P162_RS04015-P162_RS04080). These two PULs
might provide the ability to consume xylans of unknown
origin (Kappelmann et al., 2019). While both PULs
share related xylanases and xylosidases of the same
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CAZyme family, they differ in some of the associated
CAZymes. The two PULs also contain genes for an
unusually high number of six different pairs of trans-
porter and receptor proteins for polysaccharide uptake
(SusC/D-like pairs).

In this study, we analysed xylan degradation by
these two PULs, which are common in other marine
Bacteroidetes (Krüger et al., 2019). CAZymes and
SusD-like binding proteins of these PULs were investi-
gated with four terrestrial and two marine xylans as
substrates, covering different xylan structures and com-
mon motifs of L-arabinose and D-glucuronic acid deco-
rations. The work shows that marine bacteria can not
only consume xylans from algae but also plant xylans
that bring terrestrial carbon energy into the ocean.

EXPERIMENTAL PROCEDURES

Bioinformatics and comparative genomics

Databases were created using NCBI RefSeq assem-
blies (Sayers et al., 2022) of prokaryotic genomes
stored in the RefSoilv1 database (Choi, 2017), Mar-
Refv1.7 and MarDBv1.6 (Klemetsen et al., 2018) as
well as the NIH Human Microbiome Project (The
Human Microbiome Project Consortium, 2012a; The
Human Microbiome Project Consortium, 2012b) cata-
logue with isolation body site ‘gastrointestinal_tract’.
Genomes were screened for Flavimarina sp. Hel_I_48
PUL I- and PUL II-like gene clusters with the ‘hmm’
search function of cblaster (Gilchrist et al., 2021)
v1.3.14 (default settings) using the HMM profiles
‘GH67.hmm’, ‘GH115.hmm’, ‘CE15.hmm’, ‘GH43_1.
hmm’ (all PUL I), ‘GH43_10.hmm’, ‘GH97.hmm’,
‘GH43_12.hmm’, ‘CE6.hmm’, ‘GH8.hmm’, ‘GH95.
hmm’ (all PUL II) and ‘GH10.hmm’ as marker profile
from the dbCAN-HMMdb-V10.hmm database (Zhang
et al., 2018). CAZyme context of clusters encoding a
GH10 with at least two other glycoside hydrolases from
PUL I and/or PUL II was predicted using the hmmscan
function of HMMer v3.3.2 (Finn et al., 2011) against the
dbCAN-HMMdb-V10.hmm database. Hits were filtered
using the hmmscan-parser.sh script from dbCAN and
validated using Protein–Protein BLAST (v2.11.0+)
(Altschul et al., 1997) against CAZyDB (release
09242021) with an e-value threshold of E-20, a mini-
mum sequence identity of 30% and a query coverage
of at least 40% (Krüger et al., 2019). The resulting gene
clusters were visualized with UpSetR (Conway
et al., 2017; Lex et al., 2014) and RIdeogram (Hao
et al., 2020). For the phylogenetic tree, rpoB genes
were aligned using the ClustalW (Thompson
et al., 1994) web service in ‘slow/accurate’ mode and
default settings. Maximum-likelihood phylogenies were
estimated by the PhyML 3.0 web server (Guindon
et al., 2010) with default settings and visualized with
iTOL (Letunic & Bork, 2021).

The Flavimarina sp. Hel_I_48 PUL repertoire was
annotated as described above using additionally the
TIGRFAM profile ‘TIGR04056.hmm’ for prediction of
SusC-like proteins and the PFAM models
‘PF07980.11.hmm’, ‘PF12741.7.hmm’, ‘PF14322.6.
hmm’ or ‘PF12771.7.hmm’ for prediction of SusD-like
proteins. Final PULs were predicted as described previ-
ously (Francis et al., 2021), excluding sulphatase-
encoding genes and visualized using Circos
(Krzywinski et al., 2009).

Proteome analysis

Flavimarina sp. Hel_I_48 was grown to the late expo-
nential phase in modified MPM medium (Schut
et al., 1993) containing 0.1% beechwood xylan (BX),
Palmaria palmata xylan (PPX), Caulerpa prolifera xylan
(CPX), rye arabinoxylan (RAX), and wheat arabinoxy-
lan of medium viscosity (WAX-M), insoluble wheat ara-
binoxylan (WAX-I), or apple pectin (Pec) as sole carbon
sources. Triplicates of 50 mL cultures were harvested
at 4000 �g, 20 min and 4�C. Cells were resuspended
in 50 mM TEAB buffer containing 4% SDS and incu-
bated at 95�C and 600 rpm for 5 min (Thermomixer C,
Eppendorf, Hamburg, Germany). Samples were cooled
to room temperature before being placed in an ultra-
sonic bath for 5 min. Cell debris was removed via cen-
trifugation at 14,000 �g and 4�C for 10 min.

Protein concentration was measured using the BCA
Pierce Protein assay kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Twenty-five microgrammes pro-
tein per sample was loaded on a 10% 1D-SDS poly-
acrylamide gel and separated at 120 V for 90 min. Gels
were fixed with a 40% ethanol/10% acetic acid solution
and stained overnight using Coomassie G-250
(Candiano et al., 2004). Each sample was divided into
10 subsamples, de-stained using 30% acetonitrile in
200 mM (NH4)2CO3 and digested for 16 h using
trypsin.

Peptides were separated as described previously
(Otto et al., 2010) by reverse phase C18 column chro-
matography on a nano ACQUITY-UPLC (Waters Cor-
poration, Milford, MA, USA) online-coupled to an LTQ-
Orbitrap Classic mass spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Spectra were
searched against a target-decoy protein sequence
database including sequences and reverse sequences
of Flavimarina sp. Hel_I_48 and common laboratory
contaminants using MaxQuant (Cox & Mann, 2008).
Only proteins that could be detected in at least two out
of three replicates were considered identified. Relative
protein abundance values in % of all proteins in the
same sample were manually calculated from iBAQ
values as %riBAQ (relative intensity based absolute
quantification). Data and results are available via the
PRIDE partner repository (Perez-Riverol et al., 2021)
with identifier PXD033600.

XYLAN UTILIZATION OF MARINE BACTEROIDETES 1715

 14622920, 2023, 9, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16390 by U
niversitätsbibliothek G

reifsw
ald, W

iley O
nline L

ibrary on [04/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Gene cloning and enzyme production

Expression constructs of FI1_GH67, FI2_GH10,
FI4_GH10, FI5_hyp, FI7_GH43_1, FI8_CE6 and
FI9_hyp (Table S2) were prepared using the FastClon-
ing strategy (primer sequences are listed in Table S3)
(Li et al., 2011) with genomic DNA from Flavimarina
sp. Hel_I_48 as template for the amplification of the
inserts. The genomic DNA was extracted as described
previously (Chen & Kuo, 1993). The pET28 constructs
were prepared as described recently (Reisky
et al., 2019).

Escherichia coli BL21(DE3) was transformed with
pET28-based plasmids (expression constructs and
gene cloning described in the supplementary informa-
tion) harbouring the required genes. For expression,
50 mL LB or TB medium with 100 μg mL�1 kanamycin
were inoculated from an overnight culture in LB con-
taining 50 μg mL�1 kanamycin. The culture was grown
at 37�C and 180 rpm until optical density at 600 nm
reached 0.8. Expression was then induced by adding
0.5 or 1 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG) and the culture was cooled to 20�C and incu-
bated for 24 h. Enzyme purification is described in the
supplementary information.

Plasmids containing the genes encoding for SusD-
like proteins were introduced into chemo-competent
E. coli BL21(DE3) cells. 4 mL of overnight culture in LB
media was used to inoculate 600 mL TB media both
containing 50 μg mL�1 kanamycin. The cells were
grown to an optical density at 600 nm (OD600) between
1–1.5 at 37�C and 180 rpm. Temperature was lowered
to 20�C and IPTG was added to a final concentration of
1 mM as the OD600 reached 2–3. Cells were harvested
after 16 h by centrifugation at 4000 �g and 4�C for
20 min including washing with 20 mM sodium phos-
phate, 500 mM sodium chloride at pH 8. Washed pel-
lets were flash frozen in liquid nitrogen and stored at
�20�C until purification. The purification of the SusD-
like proteins is described in the supplementary
information.

Purification of xylan

Palmaria palmata dulse was purchased at Algenladen
(Gießen, Germany). After milling the dry algae (25 g)
biomass, it was extracted two times with dH2O (1 L) for
2 h at 70�C (Deniaud et al., 2003). Afterwards, the solid
particles were removed and the water content reduced
to a viscous consistency. The polysaccharide was pre-
cipitated by adding four volumes of cold ethanol. The
precipitate was then separated from the ethanol frac-
tion. Afterwards the alcohol insoluble fraction was dis-
solved in deionized water and freeze-dried. Caulerpa
prolifera was extracted with the same protocol. This

algal material was provided by the Ozeaneum
(Stralsund, Germany). Monosaccharide composition of
the self-extracted polysaccharides, charge and size of
the used polymers were analysed (Tables S3 and S4).
The xylan degradation products from enzymatic reac-
tions and the conversion of purified oligomers were
analysed by FACE. Untreated xylan was generally
used at a concentration of 1 g L�1, while purified sugar
oligomers were used at 0.25 g L�1. Incubation with the
enzymes was performed overnight at room tempera-
ture. Additional enzymatic assays are described in the
supplementary information.

Determination of reducing ends (DNS-
assay)

The dinitrosalicylic acid-assay (DNS-assay) was used
to determine the reducing ends of the carbohydrates
(Bernfeld, 1955). A 20 μL reaction sample of the bioca-
talysis and 20 μL of the colour reagent were combined
and incubated at 100�C for 15 min. After the samples
were cooled down to room temperature, 180 μL of
water was added, and the 200 μL were transferred to a
microtiter plate to measure the absorption at 540 nm in
a plate reader (Infinite M200 Pro, Tecan Group, Swiss).

Fluorophore-assisted carbohydrate
electrophoresis

Fluorophore-assisted carbohydrate electrophoresis
(FACE) was performed with 8-aminonaphthtalene-1,-
3,6-trisulphonic acid (ANTS) as fluorophore adapted
from Starr et al. (1996). Ten microlitres aliquots of the
biocatalysis reaction were lyophilized and dissolved in
4 μL ANTS (0.2 M in water) solution and 4 μL
NaCNBH3 (1 M in DMSO) solution. After incubation at
37�C overnight in the dark, the samples were mixed
with 20 μL loading buffer and 4 μL were loaded on a
FACEgel (Hehemann et al., 2010).

HPLC determination of oligosaccharide
degradation products

HPLC analysis for the determination of xylan oligosac-
charide standards was performed using a Chrommas-
ter HPLC system from Hitachi (equipped with a Hitachi
Chrommaster 5310 column oven) and a detector
(Hitachi Chrommaster 5450 RI detector). Analyses
were performed with a mobile phase consisting of H2O
with 0.005 M H2SO4 on a styrene/polyvinyl benzene
copolymer column (SugarSep-H 10 μm 300 � 8 mm)
at 70�C for 20 min. The flow rate was set to
0.5 mL min�1.

1716 DUTSCHEI ET AL.
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RESULTS

Flavimarina sp. Hel_I_48 grows on multiple
xylans

To test whether Flavimarina sp. Hel_I_48 (Figure 1)
uses xylans of terrestrial and marine origin, we
employed growth experiments and proteomics with dif-
ferent xylans as sole carbon source (Figure S2). We
could show that the bacterium is able to grow on differ-
ent xylans (Figure S1). Proteome analyses showed
divergent expression patterns for the two PULs depend-
ing on the xylan type. PUL I (P162_RS02310-RS02390)
was expressed with beechwood xylan (BX), while PUL II
(P162_RS04015-RS04080) remained silent with this
substrate (Figure 1). Notably, the expression of
SusD_I_2 (P162_RS02355) and SusD_I_3
(P162_RS02370) of PUL I was significantly higher on
beechwood xylan compared to the other xylans.
SusD_I_3 (P162_RS02370) accounted for 1% of the
proteome. This high abundance indicates a specific
adaptation of PUL I towards glucuronoxylan, which was
recently identified in the coastal ocean with input from
the Elbe river (Vidal-Melgosa et al., 2021). In contrast,
higher protein levels of SusD_I_1 (P162_RS02310) from
PUL I were observed on all investigated xylans, most
notably on the marine β-1,4/1,3-mix linked xylan of
P. palmata (PPX). The broad expression response indi-
cates that this SusD-like protein enables the utilization of
the general xylan main-chain structures shared among
xylans of different origin. Expression of SusD_II_1
(P162_RS04065) and SusD_II_2 (P162_RS04075) of
PUL II was not induced on PPX, BX or C. prolifera xylan
(CPX), but was high with arabinoxylans from rye (RAX)
and wheat (WAX-M) (Figure 1). These xylans contain a
β-1,4-xylan main chain with side chains of L-arabinose at
the C3 or C2 position (Bastawde, 1992), indicating pref-
erence of this PUL region towards such xylans. A sepa-
rate PUL a with putative arabinofuranosidases
(P162_RS00625-RS00655) was significantly upregu-
lated during growth on arabinoxylans compared to the
other substrates (Figure 1 and Table S1), which
revealed that Flavimarina sp. can also consume arabi-
noxylan. The arabinoxylan was also detected in diatoms
(Huang et al., 2021) by using a wheat arabinoxylan-
based antibody, which identified xylan in samples of
microalgal blooms. Thus, these growth and proteomic
data demonstrated that Flavimarina sp. is able to access
xylans from different sources including algae and terres-
trial plants.

SusD-like proteins select diverse xylans

PULs I and II of Flavimarina sp. encode six SusD-like
proteins that were divergently expressed during growth
on different xylan substrates (Figure 1). We

investigated the interaction of recombinantly expressed
and purified PUL-encoded SusD-like proteins with
diverse xylans (BX, PPX, WAX-M, RAX, laminarin and
no substrate as controls). SusD-like proteins assist in
the transport of glycan oligosaccharides through SusC-
like pores into the periplasm (Koropatkin et al., 2008;
Pollet et al., 2021). Alternative SusD-like proteins might
be required to select for xylan oligosaccharides with dif-
ferent molecular architectures. Affinity gel electrophore-
sis (Figure S3) showed that SusD_I_2
(P162_RS02355) interacts with glucuronoxylan BX, as
it was slower in the electrophoresis with BX. This
slower migration correlates with the upregulation
observed in the proteome analysis (Figure 1).
SusD_I_2 migrated as three bands or as one in the
presence of PPX and RAX (Figure S3). These multiple
bands, which might represent oligomeric states of the
SusD-like proteins, potentially resolved by concentra-
tion into one band by the stronger binding of xylan, or
xylan types altering oligomerization states (Glenwright
et al., 2017; Gray et al., 2021). The absence of detect-
able interaction with the laminarin control indicates that
SusD_I_2 selects for the structure of β-1,4-linked xylan
and against other glycans (Figure S3). With increased
hydrodynamic diameter of the polymer (BX < WAX-
M < RAX < PPX; see Table S5) three bands merged
into one as also seen for PPX (Figure S3). In general,
ligand size contributes to recognition by SusD-like
proteins (Glenwright et al., 2017; Gray et al., 2021).
Alpha Fold based structural comparison of SusD_I_2
with its closest characterized homologue, a SusD from
Bacteroides ovatus (Bacova_02651, PDB 5E76)
(Tauzin et al., 2016), revealed a similar overall structure
with a sequence identity of 39% (Figure S4A). Previ-
ously, Bacova_02651 was shown to bind xyloglucan,
structurally related to the glucuronoxylan bound here
by SusD_I_2. Comparing binding site hydrophobicity
revealed similarities, consistent with SusD_I_2 to select
linear conformation xylan with smaller side chains such
as glucuronoxylan (Figure S4B). Sequence alignments
of the six PUL-encoded SusD-like proteins gave pair-
wise identities between 19.5% (SusD_II_1 and Sus-
D_II_2) and 27.6% (SusD_I_1 and SusD_I_4) with a
high number of gaps (22.6%–39.7%) (Figures S5 and
S6). The detected sequence diversity might indicate
recognition of different xylan structures by these six
SusD-like proteins.

Flavimarina sp. xylanases hydrolyse
different xylans

Extracellular enzymes often catalyse initial degradation
of polysaccharides into oligosaccharides. Transporters
import oligosaccharides for downstream processing
through other specialized CAZymes (Arnosti, 2011).
We studied the hydrolytic activity of the PUL-encoded
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enzymes on xylans from different sources (RAX,
WAX-M, WAX-I, BX, PPX and β-1,3-linked CPX) using
DNS-reducing end assay and fluorophore-assisted car-
bohydrate electrophoresis (FACE) (Figures S7–S10).

Three xylanases contained a lipoprotein signal peptide
cleaved by signal peptidase II (Sec/SPII) for extracellu-
lar localization on the cell surface (Teufel et al., 2022).
FI4_GH10 (P162_RS02345) and FII8_GH10
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(P162_RS04060) degraded β-1,4-xylan polymers RAX,
WAX-M, WAX-I and BX as well as the β-1,4/1,3 linked
PPX (Deniaud et al., 2003; Lahaye et al., 2003), into
ladder type oligosaccharides (Figures S7 and S8). This
is commonly observed for enzymes with an endo-mode
of action (Davies & Henrissat, 1995). No activity was
observed with the β-1,3-linked CPX. FII7_GH10
(P162_RS04050) was inactive on all xylans. Xylanase
activity was detected for FI2_GH10 (P162_RS032335)
on RAX, WAX-M, WAX-I, BX and PPX (Figures 2, S7
and S8). FI2_GH10 was inactive on CPX.

Fl2_GH10 removed D-xylose and xylobiose (XBI)
from xylan-oligosaccharides. Kinetic assisted subside
mapping on successively shortened, defined oligosac-
charides in conjunction with substrate complex crystal
structures and additional experiments would be
required to unambiguously ascertain endo- or exo-
mode of action (Figure S11b) (Gilbert, 2010; Gilbert &
Hazlewood, 1993; Pell et al., 2004). While Fl2_GH10
was able to cleave xylose from arabinoxylo-
oligosaccharides with an arabinose substitution in the
middle of the oligosaccharide (Figure S11c, XA3XX), it
was inactive on oligosaccharides with arabinose side

chain at the non-reducing end (Figure S11c,
A2XX, A3X).

FI4_GH10 and FII8_GH10 hydrolysed different
xylans (Figure S7) potentially explained by the pres-
ence of segments of an undecorated β-1,4-xylose main
chain in the xylan or the acceptance of decorations in
some of the unknown subsites. Acceptance of decora-
tions enables productive binding of different xylans
including mixed β-1,4-/1,3-xylans and branches with D-
glucuronic acid or L-arabinose, present in BX or arabi-
noxylans (RAX, WAX-M, WAX-I). Extracellular localiza-
tion and attachment to the outer membrane, in
combination with broad activity shows that Flavimarina
sp. can access a variety of xylans to extract carbon and
energy.

Intracellular enzymatic xylan degradation

The promiscuous extracellular xylanases from both
PULs were active on different xylans and deliver the oli-
gosaccharides for the remaining intracellular CAZymes
encoded by the two PULs. PUL I encodes two putative
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F I GURE 2 PUL organization and initial xylan degradation of Flavimarina sp. Hel_I_48. The xylan PULs of Flavimarina sp. were defined by
Kappelmann et al. (2019). Genome loci refer to the RefSeq assembly (GCF_000733945.1) of PUL I (P162_RS02310-RS02395) and PUL II
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α-glucuronidases, FI1_GH67 (P162_RS02330) and
FI3_GH115 (P162_RS02340), potentially active on glu-
curonoxylan. Enzymatic assays with pNP-α-D-glucuro-
nide showed glucuronidase activity for FI1_GH67
(Figures 3 and S12).

Oligosaccharides made by FI4_GH10, were not
active substrates for GHs from PUL I (Figure S9).
FII5_GH8 (P162_RS04035) was active on oligosaccha-
rides generated by FII8_GH10 (Figure S10). Combina-
tions of enzymes shifted the bands of BX and PPX
derived oligosaccharides to lower molecular size
(Figure S13). For RAX, subtle band shifts without inten-
sification of lower molecular weight band were
observed. No further activity could be shown on
WAX-M and WAX-I. A FACE experiment showed the
presence of a band on the same position of the xylose
and xylobiose standards. HPLC and TLC revealed that
FII5_GH8 removed D-xylose from arabinoxylo-
oligosaccharide A2XX (Figures S11 and S14b).

FII3_GH43 (P162_RS04025), which was upregu-
lated on arabinoxylans, removed L-arabinose from
arabinoxylo-oligosaccharides (Figure S14c) and pNP-
α-L-arabinofuranoside (Figure S12b), in line with a pre-
dicted α-L-arabinofuranosidase function. Synthetic sub-
strates revealed further activities of the PUL II-encoded
enzyme FII2_GH97, annotated as α-galactosidase
(EC.3.2.1.131). FII2_GH97 was active on pNP-α-D-
galactose (Figure S12c). Terrestrial xylans contain a β-
1,4-linked D-xylose main chain with sugar modifications
including galactose amounts varying by source
(Bastawde, 1992). D-galactose was almost absent in
the here investigated xylans (Figure S2), which there-
fore provided no substrate for FII2_GH97. A compila-
tion of these findings is presented in the xylan
degradation scheme in Figure 3.

Carbohydrate esterases increase xylan
degradation

Both xylan PULs encode carbohydrate esterases
(CE) known to increase the solubility of hemicellulose
polymers by cleavage of acetyl groups or phenolic
acids. As side groups are removed that cross-link differ-
ent cell wall polymers, the polysaccharide backbone
becomes more accessible to GHs (Hettiarachchi
et al., 2019; Williamson et al., 1998).

PUL I encodes FI6_CE15 (P162_RS02365), which
was annotated as a CE15, a family containing 4-O-
methyl-glucuronyl methylesterase activity (Cantarel
et al., 2009; Lombard et al., 2014). CE15 enzymes are
involved in wood degradation, where they separate
hemicelluloses and lignin-like moieties (Charavgi
et al., 2013; De Santi et al., 2017). FI6_CE15 was
active on the model substrates pNP-acetate
(Figure S12a), benzyl-D-glucuronic acid and allyl-D-glu-
curonic acid (Figure S15c). Also, in the ocean this

enzyme might cleave methyl esters opening access for
CAZymes to the xylan structure. The additional CBM9
domain of FI6_CE15 (Table S2), which is described as
a xylan-targeting domain for birch and beechwood
xylan, could aid in binding of the polysaccharide. CBM9
family modules can bind insoluble xylan polysaccha-
rides and amorphous or crystalline cellulose (Boraston
et al., 2004; Notenboom et al., 2001). PUL I contains
one additional carbohydrate esterase, FI8_CE6
(P162_RS02385), which is a CE6 acetyl xylan esterase
(Cantarel et al., 2009; Lombard et al., 2014). Deacety-
lase activity was shown by removal of O-acetylation
from 6-O-acetyl-D-glucose and 6-O-acetyl-D-galactose
detected with NMR-spectroscopy and an acetate assay
(Figure S15b). These two esterase activities from PUL I
might be relevant in the degradation of glucuronoxy-
lans. Hardwood xylans contain D-glucuronic acid side
groups with methyl and acetylation of the β-1,4-linked
D-xylose backbone (Kmezik et al., 2021).

PUL II contains two multimodular esterases,
FII1_GH43_10 (P162_RS04015) and FII4_CE6
(P162_RS04030). FII1_GH43_10 consists of a putative
acetyl xylan esterase CE3 domain, and an additional
GH43_10 module, which is annotated as a xylan β-1,-
4-xylosidase/α-L-arabinofuranosidase (Cantarel
et al., 2009; Lombard et al., 2014). This domain combi-
nation is similar to an enzyme described in Bacteroides
eggerthii, containing an esterase and a GH43 domain
involved in arabinoxylan degradation (Pereira
et al., 2021). The putative CE3 and GH43_10 domains
were separately analysed here as FII1A_CEnc and
FII1B_GH43_10 constructs. Only FII1B_GH43_10
showed xylosidase activity in ANTS-FACE analysis
(Figure S9) and a DNS-assay (Figure 2), but no ester-
ase activity was found for FII1A_CEnc.

FII4_CE6 is an enzyme with two CE domains, a
CE6/acetyl xylan esterase and an uncharacterized car-
bohydrate esterase module CEnc, which is likely to be
a CE1/feruloyl esterase (Table S2) (Cantarel
et al., 2009; Lombard et al., 2014). Ferulic acid xylan
esterases target phenolic groups bound to the L-
arabinose moieties in arabinoxylans, which enables α-L-
arabinofuranosidases to further degrade these polysac-
charides (Pereira et al., 2021). This activity was very
likely supported by the substantial amounts of ferulic
acid released from WAX-I (Figure S15d). FII4_CE6 also
showed activity towards pNP-acetate and released ace-
tate from partially acetylated birchwood xylan
(Figure S15a). A related multimodular CE6jCE1 protein
was found in Bacteroides intestinalis and was described
with a similar activity profile (Pereira et al., 2021). Both
CE activities indicate removal of phenolic esters and
acetylations, enabling PUL II to potentially use arabi-
noxylans with such modifications. The PUL-encoded
esterases indicate that xylans targeted by Flavimarina
sp. Hel_I_48 might include acetylations detected in
macroalgal polysaccharides (Wong et al., 2021).
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Ecological relevance of the xylan
degradation pathways and PUL-
architecture

Flavimarina sp. degrades a multitude of xylans. This
ability is largely facilitated by the broad activity of

multiple PUL-associated GH10s on different xylan main
chains containing various modifications. A GH10 with
additional processing enzymes is likely required for
degradation of complex xylans. We identified 226 PULs
in marine, terrestrial and human digestive system-
associated databases, sharing at least one GH10 and

(A)

(B)

(C)

F I GURE 3 Putative enzymatic cascade for the degradation of divergent xylan substrates by PUL I- and PUL II-encoded CAZymes. The
targeted structures are assumed to be similar to glucuronoxylan (PUL I) and arabinoxylan (PUL II). Summarized initial degradation (A) of
polysaccharides by GH10 xylanases (FI2_GH10, FI4_GH10 and FII8_GH10 (Figure S7), esterase Fl8_CE6 cleaving acetate moieties
(Figure S15b), Fll4_CE6 cleaving acetate and ferulic acid moieties (Figure S15a,d) and Fl6_CE15 cleaving 4-O-methyl-glucuronyl methyl esters
(violet arrow; Figure S15c). The resulting xylo-oligosaccharides can be further digested by other PUL-encoded enzymes, which was investigated
using not only the degradation products but also artificial substrates (B). Representatively shown is the release of glucuronic acid (Fl1_GH67;
Figure S14d) and galactose (FIl2_GH97; Figure S14c) from pNP-derivates, while arabinose release from artificial oligos was detected upon
digestion with Fll3_GH43_12 (Figures S11c and S14b). Lastly the undecorated xylo-oligosaccharides can be further degraded (C) by xylosidase-
activity detected for e.g. Fl2_GH10 and Fll5_GH8 (Figure S13b). A2XX, 23-α-L-arabinofuranosyl-xylotriose; XBI, xylobiose; XTR, xylotriose.

XYLAN UTILIZATION OF MARINE BACTEROIDETES 1721

 14622920, 2023, 9, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16390 by U
niversitätsbibliothek G

reifsw
ald, W

iley O
nline L

ibrary on [04/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



two additional CAZymes with either of the Flavimarina
sp. PULs, indicating that complex xylans are important
for diverse marine habitats (Figure S16). A modularity
search revealed 81 different xylan-PUL architectures,
most commonly containing only a few shared enzymes
with Flavimarina sp. (Figure 4A). The most widely dis-
tributed PUL group contains only the enzymes known
from Flavimarina sp. PUL I, which are GH43 and GH67
alongside a GH10 hydrolase. This enzyme combination
was invariable and therefore the core of CAZymes
required for xylan degradation. In some cases, bacteria
containing such a PUL also contain a second, more
complex PUL, such as the terrestrial bacterium Flavo-
bacterium johnsoniae, which likely facilitates niche-
specific adaptations (Figure 4B).

PUL sequence diversity points towards the ability to
degrade different xylan structures that requires specific
CAZyme repertoires. Most identified PULs showed no
distinct separation between CAZymes homologous to
Flavimarina sp. PUL I and PUL II. In fact, Fibrisoma limi
and Fibrella aestuarina, the only other species shown
to have two enlarged Flavimarina-like PULs, are also
associated with marine coastal ecosystems
(Figure 4B). Some marine bacteria as well as human
gut symbionts possess the entire CAZyme spectrum of
the Flavimarina sp. PULs consolidated into a single
PUL (Figure 4B), underlining that similar xylans are car-
bon sources for microbes from different ecosystems.
Notably, many of the related PULs also encode addi-
tional CAZymes associated with arabinose-containing
polysaccharide degradation, including GH39, GH51 or
GH146. Flavimarina sp. does not encode CAZymes of
these families within its two main xylan-targeting PULs.
Some of these GHs are encoded in the genome and
associated with the arabinofuranosidase-containing
PUL a that was specifically upregulated during growth
on RAX and WAX (Figure 1). These observations fur-
ther indicate that Flavimarina sp. has the genetic poten-
tial to degrade structurally diverse xylans from different
sources available in the dynamic marine land interface
of the coastal ocean.

DISCUSSION

This study explores xylan-specific metabolic pathways
of a marine Bacteroidetes strain. Flavimarina
sp. Hel_I_48 contains two separate xylan PULs, active
on glucuronoxylans (PUL I) and arabinoxylans (PUL II)
with similarities to PULs of human gut bacteria and soil
bacteria (Pell et al., 2004).

The general occurrence and abundance of xylan
PULs in Bacteroidetes was previously described for gut
microbiota (Rogowski et al., 2015), and xylan degrada-
tion was shown for enzymes of microbes from many dif-
ferent environments (Gilbert & Hazlewood, 1993). For
example, the gut bacterium B. ovatus contains two

xylan-targeting PULs (Rogowski et al., 2015), which
encode CAZymes showing partially related activities to
enzymes of Flavimarina sp. Hel_I_48. Our systematic
biochemical analysis of PUL-encoded enzymes
revealed promiscuous extracellular xylanases, which
are active on diverse xylans and generate dedicated
oligomers (Pell et al., 2004). An overview of the puta-
tive enzymatic cascade for xylan degradation in Flavi-
marina sp. Hel_I_48 is depicted in Figure 3. It is
illustrated that these distinct oligosaccharides are fur-
ther degraded by more specialized intracellular carbo-
hydrate esterases, which remove acetylations and
phenolic esters (Figure 3). These enzymatic activities
are supported by arabinofuranosidases and glucuroni-
dases, which hydrolyse L-arabinose- and D-glucuronic
acid-containing xylans.

Xylans used for the characterization of Flavimarina
sp. Hel_I_48 PUL-encoded enzymes were from terres-
trial plants and marine macroalgae covering structures
from both ecosystems and providing a spectrum of
xylan structures potentially available in marine habitats.
The fact that not all of the PUL-encoded enzymes were
found to be active in this study is to be expected,
because we are missing xylan substrates from
unknown sources. The extent of the potential xylan
structure diversity space is likely proportional to the
number of species that synthesize xylans and remains
to be uncovered. The strain Flavimarina sp. Hel_I_48
was isolated during a phytoplankton bloom in the North
Sea (Kappelmann et al., 2019) near the island Helgo-
land, which is close to the river mouth of the Elbe,
Germany’s largest river that brings terrestrial organic
matter into the ocean. Utilization of terrestrial organic
matter, including carbohydrates that enter the ocean
through rivers (Brockmann, 1994; Schefuß et al., 2005)
appears to be a selected strategy for the here tested
bacterium. This assumption is supported by the detec-
tion of two other putative xylan-utilizing bacteria from
marine coastal habitats, F. limi (Filippini, Kaech,
et al., 2011) and F. aestuarina (Filippini, Svercel,
et al., 2011), which share the same two enlarged Flavi-
marina sp. PUL architectures (see Figure 4). The lack
of sulphatase-encoding genes in these xylan-specific
PULs of marine Bacteroidetes is another indication that
they preferentially target terrestrial-like xylan struc-
tures. The simultaneous utilization of macroalgal and
terrestrial xylans by these marine PULs might be
explained by conserved xylan structures with similar
linkages and modifications present in marine algae and
terrestrial plants (Hsieh & Harris, 2019; Martone
et al., 2009).

The comparative analysis of available Bacteroidetes
genomes demonstrates that xylan utilization is ecologi-
cally relevant in marine habitats and ensured by con-
served sets of related xylan-degrading enzymes
(Figures 4 and S16). The documented functional activ-
ity of xylan utilization from the North Sea isolate
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Flavimarina sp. indicates that coastal habitats might
provide heterogenous xylans with glucurono- and
arabino-side groups and acetylation. Marine bacteria
that can degrade such xylans from marine algae and
terrestrial plants are adapted to access temporally
dynamic sources of organic matter in the costal ocean.
Their ability to degrade xylans contributes to the
unknown magnitude of cycling or sequestration of this
type of carbon.
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